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EFFECT OF DOWEL-BAR MISALIGNMENT ACROSS 
CONCRETE PAVEMENT JOINTS 


By ARTHUR R. SMITH,* M. Am. Soc. C. E., AND SANFORD W. 
BENHAM,” Assoc. M. AM. Soc. C. E. 


Synopsis 


The subject of joints in concrete pavements, to provide for expansion 
and contraction, and the means of transferring load across joints, is of 
particular interest to those engaged in highway construction. Common 
dowel bars, passing through the joint and embedded in the two adjacent 
slabs, have long been used for this purpose. The importance of installing 
the bars correctly, that is, perpendicular to the cross-section of the pave- 
ment, will be recognized since dowels, incorrectly installed, will not slip 
freely in the concrete. This paper describes an investigation to determine 
the accuracy with which road-building contractors were installing dowel 
bars, and another investigation which was conducted to determine, by 
experiment, the degree of precision necessary to assure satisfactory func- 


tioning of joints. 


INTRODUCTION 


In accordance with the specifications of the State Highway Commission 
of Indiana, 1-in. expansion joints are installed in concrete pavement at 
80-ft intervals, with a transverse contraction joint in the center of each 80-ft 
section. As a means of transferring load across joints, dowel bars of 
intermediate grade steel (0.75 in. in diameter by 24 in. long) at 12-in. 
centers, are placed in the pavement across all contraction joints and across 
some types of expansion joints. To prevent bond, the bars are coated with 
an asphalt paint and are also oiled. Fig. 1 illustrates an assembly of 
twenty dowel bars wired to two spacer bars, as installed across expansion 


and contraction joints in 20-ft pavement. 


Norre.—Discussion of this paper will be closed in October, 1937, Proceedings. 

1 Development Hngr. Moulding-Brownell Corporation, Chicago, Il.; formerly Engr. of 
Materials and Tests, State Highway Comm. of Indiana, Indianapolis, Ind. 
2 Research Engr., State Highway Comm., Bureau of Materials and Tests, Indianapolis, 
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The importance of placing the bars correctly, that is, perpendicular to 
the cross-section of the pavement, will be readily appreciated when it 1s 
realized that if they are imperfect in this respect, binding between them 
and the concrete will occur when the joint opens or closes. As a conse- 
quence, either the bars will become distorted or the concrete will be 
damaged in the vicinity of the bars. 


Spacer Bars, $"> 


Dowel Bar Cap, on One End of Each Bar | 
Wired to Dowel Bars 


(Expansion Joints Only) 
Joint (Expansion or Contraction) 


Edge of Pavement 
Center of Pavement 


Dowel Bars, 2"? x 24" Long, 12" on Center H 
9 Spaces @ 12""=9' 0" 6" 
— 10' og 
Fic. 1.—TypicaL DowEL-Bark ASSEMBLY IN 20-FoOoT PAVEMENT. 


A faulty installation of dowel bars across a contraction joint consti- 
tutes a serious hazard. When contraction of the pavement opens the joint 
cracking or spalling of the concrete may occur. If the concrete is strong 
enough to resist such damage, however, the joint, instead of being a plane 
of weakness, may offer more resistance to movement than the tensile 
strength of the unimpaired cross-section of the pavement. In this case 
the contraction joint will not fulfill its function and cracks will occur 
in the pavement at random as if no provision had been made to locate 
them. In like manner, a faulty installation of dowel bars across an expan- 
sion joint will cause damage to the concrete, the bars, or to both, when 
expansion of the pavement reverses the process and closes the joint. In 
this case, also, if the concrete and dowel bars offer sufficient resistance to 
such damage, the joint will not fulfill its function and there will be no 
piovision for expansion. Therefore, to avoid damage to the pavement in 
the vicinity of expansion and contraction joints the dowel bars must be 
placed in their proper positions and held in those positions by some method | 
that will prevent their movement during the placing and finishing of the 
concrete. 

During the summer of 1935, the Bureau of Materials and Tests of the 
State Highway Commission of Indiana, conducted a number of field tests 
(Special Investigation A-7) to determine the accuracy with which dowel 
bars were being installed by various contractors. When a dowel bar is 
in perfect position, that is, perpendicular to the cross-section of the pave-— 
ment, the projected length of its axis on the cross-section is zero. The pro- 
jected length is equal to the hypotenuse of a right triangle, the altitude of 
which is the vertical error of the bar, that is, the difference in elevation 
between the two ends of the bar with respect to the surface of the pave-— 
ment. The base of the triangle is the horizontal error of the bar, that is, 


nee 
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the difference between the distances from the edge of the pavement to the 
two ends of the bar. Thus, dowel-bar error which, in this paper, is defined 
as the projected length on the cross-section of the pavement per 22 in. 
of dowel-bar length, is equal to the square root of the sums of the squares 
of the horizontal and vertical errors. Although the bars are 24 in. long, 
the field tests were conducted more easily by choosing points 1 in. inward 
from each end of the bar to represent the ends of the bar. In conducting 
the tests, data were obtained, by means of the apparatus described herein 
under “Methods of Test”, from which it was possible to compute the error 
of each dowel bar in each installation checked. Several different methods of ~ 
installing the bars were being utilized, namely: 


(1) Sheet metal chairs, of the pin type, driven into the sub-grade, with 
the upper end bent around the dowel bar or spacer bar (see Fig. 2). 


Fic. 2.—SHEET METAL CHAIRS OF THE PIN TYPE DRIVEN INTO THE SUB-GRADE (TEST No. 6). 


-(2) Welded assemblies, consisting of heavy, wire, U-shaped chairs welded 
to the spacer bars. The upper ends of the chairs are bent around the 
dowel bars and the horizontal part of the U rests on the sub-grade (see 

_ Fig. 3). 

(3) Specially designed holders, which span the sub-grade and are 
supported by the forms. The dowels are thereby held during the placing of 
the concrete and are left “floating” in the concrete after the removal 
of the holder. One type of holder is shown in Fig. 4. No satisfactory 
photograph is available of one that is supported entirely from the forms 

(independent of the sub-grade). 
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(4) Combinations of Methods (1) and (3). 

Two claims of superiority for Method (3) have been advanced: First, 
the holder is supported by the forms, which determine the position of the 
cross-section of the pavement, thereby eliminating the objections to 
methods in which the positions of the dowels are governed by the contour 
of the sub-grade, which is never perfect; and, second, the installation of 
dowel bars is accomplished more quickly and easily with a holder than 
with chairs. The first claim, of course, is based on the assumption that the 
holder is made accurately, is sufficiently strong to resist distortion in hand- 
ling, and that it is placed on the forms in the proper position. 


Metuops or TrEst 


Installations of dowel bars across nine contraction joints and across five 
expansion joints were checked for accuracy. These fourteen installations 
included the methods of dowel-bar support described in the “Introduction”. 

The contour of a concrete pavement and the location of the plane 
representing its cross-section are determined by the tops of the forms, 
since these lines are the paths of travel of the finishing machine screed. 
For that reason horizontal and vertical readings were taken on both ends 
of each bar from a reference line the position of which was definitely fixed 
with respect to the tops of the forms. This reference line, described 
briefly, consisted of a steel tape graduated to 0.01 ft, riveted to the lower 
flange of a 4-in. aluminum I-beam, spanning the sub-grade and resting on 
the tops of the forms, the points of support being three sharp pointed steel 
pegs. 

In order to determine the rigidity with which installing devices held 
the dowel bars during the placing and finishing of the concrete the initial 
errors of the bars (before concrete was placed), and also their final errors 
(after the concrete had been placed and finished), were measured. To 
obtain the necessary data for the computation of the initial and final 
error of each dowel bar in a given installation and the movements .of both 
ends of each bar, that occurred during construction operations, readings 
were taken as soon as the installation was completed and pronounced satis- 
factory by the inspector. The operations of placing and finishing concrete 
and the extent to which workmen stepped on the bars, were observed closely 
in an effort to determine whether or not movement could be attributed to 
carelessness. As soon as the finishing machine had passed over the joint 
for the last time, sufficient concrete was removed from the newly finished 


surface of the pavement to expose both ends of each dowel bar and permit 
final readings. 


* 


Discussion or Resuits 


The results of Special Investigation A-7 revealed that,-in some of the 
installations checked, the bars were in extremely faulty positions. Twelve 
of the fourteen installations tested were in 20-ft pavement and two were 
in 10-ft pavement (widening projects). Consequently, the errors of 260 
dowel bars were determined. Of these 260 bars, one had an error of 1.5 


SP Ge RCE HR ena TO INET AE COM SG Bl aK — 2 on en 


Fig. 8.—U-SHAPED CHAIRS RESTING ON THE SUB-GRADE AND WELDED TO THE SPACER BARS 
(Test No. 12). 


4 


Fic. 4.—Virw SHOWING THE Usb OF A HoutpeR(Trst No. 14). 
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in., and one bar was found to be in perfect position. The results of this 
investigation, a summary of which is shown in Table 1, are expressed as 
the maximum, minimum, and average error (both initial and final) and 
maximum, minimum, and average movement of all bars in each installa- 
tion tested. Movement is defined as the sum of the movements of the two 
ends of a bar. In some cases the two ends of a bar were moved in such ~ 
directions that the final error was less than the initial, that is, the move- 
ment improved the position of the bar. In general, however, movement 
had the opposite effect. Movement should not be confused with the differ- 
ence between the initial and final error since, because of the directions of 
movement of the two ends, a bar may move and yet have a final error 
equal to its initial error. The converse is not true, however. If a bar 
does not move, its initial and final errors are, of course, the same. 


TABLE 1.—Summary or Resuuts, Specian Investication A-7 


Dowent-Bar Error, In INCHES DowrL-BaR 


Moverment,InIncHEs| Description of joint 
Test No.* Initial Final and method of 


— — | installing bars 
Maxi-| Mini- | Aver- | Maxi- | Mini- | Aver- | Maxi-] Mini- | Aver- 
mum }|mum| age |mum/]mum| age | mum|mum| age 


MDa iwigs 2-0 0.47 | 0.04 | 0.18 | 1.05 | 0.08 | 0.41 | 0.68 | 0.14 | 0.43 } eo ; 
O14 RAT ors 0.51 | 0.06 | 0.31 | 0.45 | 0.06 | 0.31 | 1.01 | 0.10 | 0.37 Contraction joints. 
SS UN eka reis atthe 0.68 | 0.10 | 0.25 | 0.97 | 0.21 | 0.55 | 1.14 | 0.60 | 0.87 Bars installed with 
Bre svste'ste a Rav 0.75 | 0.385 | 0.49 | 0.85 | 0.28 | 0.54 | 0.93 | 0.23 | 0.51 holders. 
US a aoe 0.75 | 0.11 | 0.37 | 0.85 | 0.03 | 0.45 | 1.16 | 0.60 | 0.89 ; 
Average...| 0:63 | 0.18 | 0.32 | 0.83 |.0.13 | 0.45 |.0.98. | 0.33.} 0:61 | J40 coe. 
IB ibe ice et mea. 0.60 | 0.08 | 0.27 | 0.65 | 0.09 | 0.29 | 0.37 | 0.09 | 0.23 a 
Peete ba's syste. 2 0.45 | 0.30 | 0.21 | 0.78 | 0.08 | 0.32 | 0.53 | 0.12 | 0.29 Contraction joints. 
BEG erat cin a.) = 0.67 | 0.16 | 0.34 | 0.63 | 0.16 | 0.33 | 0.95 | 0.22 | 0.48 Bars mounted on 
Bo Tisricas sree 0.50 0 0.21 | 0.50 | 0.03 | 0.21 | 0.40 | 0.23 | 0.30 chairs. 
Average 0:56 | 0:07. | 0-26; 0.64 | 0..09°} 0.29 | 0.56. 10016.) 0582.) 7. te aeerac een 
sa N iiss +5 0.50 | 0.12 | 0.29 | 0.54 | 0.07 | 0.30 | 0.40 | 0.15 | 0.31 é 
MOEA, aivatete ules 0.66 | 0.17 | 0.35 | 1.50 | 0.10 | 0.51 | 1.82 | 0.18 | 0.59 Expansion joints. N 
LU Tiare, costes 1.44 | 0.76 | 1.16 | 1.40 | 0.79 | 1.12 | 0.17 | 0.04 | 0.12 Bars installed with 
13ft 0.80 | 0.06 | 0.41 | 1.15 | 0.27 | 0.75 | 1.89 | 0.24 | 0.63 holders unless 
iF ee Oa 0.35 | 0.06 | 0.18 | 0.29 | 0.02 | 0.15 | 0.55 | 0.13 | 0.31 otherwise noted. 
Averages, ,| 0.75 | 0.23 | 0.48 | 0.98.| 0.25 |.0:57 | 0.97 |"0.15"| 0.89 | .s2.2.. cece cee ueeee 
Average of all 
EOREB nine we 0.65 | 0.14 | 0.36 | 0.82)| 0516'} 0.45.) 0.84. | 0.21 4 10.45.) 1.00 nese 4 
* Tests were numbered in chronological order. + U-shaped chairs resting on sub-grade and welded 
to spacer bars. } Chairs, of the pin type, were.used (one to each dowel bar), in addition to the holder. 


It will be noted that the best installation tested (Test No. 14, Table 1) 
was an assembly of dowel bars, across an expansion joint, held in position — 
during the placing of concrete by means of a holder. The average initial 
error was 0.18, the average final error, 0.15, and the average movement, 
0.41 in. This is an instance in which the movements of the bars improved 
their positions. The poorest installation tested (Test No. 11, Table 1) 
was across an expansion joint in which the bars were mounted on U-shaped 
chairs welded to the spacer bars. These chairs rested on the sub-grade. 
The average error was 1.16 in., initial, and 1.12 in., final. Quite paradoxi- 
eally this was the best installation so far as movement was concerned 


« 
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(0.12 in.). The poorest installation so far as movement is concerned was 
across a contraction joint in which the bars were installed with a poorly 
designed holder (Test No. 9, Table 1). The average movement was 0.89 
- in., and the directions of movement were such that the initial error was 
increased. 

The results of the investigation indicated the need of information con- 
cerning the effect on the pavement of given degrees of error in dowel-bar 
placement. Since it is not feasible to require that every dowel bar in 
_ every installation be in perfect position, some figure specifying the permis- 
sible error was desired. To arrive at such a figure by calculation is an 
indeterminate problem because of the complication of stresses induced both 
in the concrete and in the bars, due to binding between the concrete and 
the bars, when the joint opens or closes. The problem is made more intri- 
cate by the fact that, in an assembly of twenty dowel bars, the errors 
vary greatly not only in magnitude but also in direction. An attempt at 
a solution of such a problem would immediately require a.number of 
assumptions, the validity of which would be subject to question. 


PERMISSIBLE ErRRoR DETERMINED BY EXPERIMENT 


Because of the apparent impossibility of an analytical solution Special 
Investigation A-8 was conducted to determine the permissible error by 
experiment. The size and shape of test specimens decided upon, were slabs, 
4 ft wide by 4 ft 8 in. long by 6 in. thick, cast on the ground, with a 
transverse contraction joint in the center (parallel to the 4-ft dimension) 
through which four dowel bars were placed at 12-in. centers. The slabs 
were made in groups of five, all five being poured from the same batch of 
ready-mixed concrete. In one slab the dowel bars were installed in perfect 
position (with zero error); in the other four slabs, they were purposely set 
at errors of 0.25 in., 0.5 in., 1 in., and 1.5 in. The second group of slabs, 
made on a different day, were duplicates of the first group except that 
1-in. air cushion expansion joints were provided instead of contraction 
joints. Groups 3 and 4 were duplicates respectively of Groups 1 and 2 
except for thickness, which was reduced to 5 in. In all, the test specimens 
consisted of twenty experimental slabs, each containing four dowel bars, 
including two slab thicknesses for each of five errors, for both contraction 
and expansion joints. 

The design of the experimental slabs and the directions of dowel-bar 
errors will be more readily undertsood by referring to the photograph of 
an empty form (Fig. 5(a)). This form is for the fabrication of a 6-in. 
slab containing a contraction joint, the dowel bars having an error of 1.5 
in. The two outside dowel bars have no error vertically; that is, they are 
level, but a plan view would show that each one has a projected length on 
the cross-section of the slab of 1.5 in., and that they converge toward the 
reader. A plan view would show the two interior bars in perfect position 
but, due to the difference in elevation between the two ends of each bar, 
each one has a projected length of 1.5 in. Note the relative positions of 
these two bars. The end toward the reader, of the bar on the left, is 1.5 in. 
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higher than the opposite end. The end toward the reader, of the bar on 
the right, is 1.5 in. lower than the opposite end. As this contraction joint 
is opened the two interior bars tend to rotate the slab (clockwise from the 
reader’s position), which tendency is resisted by the two outside bars 
which produce compression (horizontally) in the half of the slab toward 
the reader and tension in the opposite half. Consequently, opening the 
joint produces stresses in the concrete and dowel bars which are not only 
severe but of a complicated distribution. This same arrangement of 
dowel-bar positions was used in all slabs containing dowel bars in error. 


; (a) Contraction Joint; DowrL-Bar (b) Expansion Jornr; DowerL-Bar Brror 
ites Error = 1.5 INCHES. ==1'0: 
her Fic. 5.—IForM FOR THE FABRICATION OF A 6-INCH SLAB. 

The method of forming the contraction joint is also shown in Fig. 5(a)). 
The pre-molded material with which contraction joints are usually filled 
is simulated by a piece of wood, 0.75 in. thick, having a vertical dimension 
equal to one-third the slab thickness. A weakened plane was created by 
installing a piece of No. 24 gage galvanized iron, extending from the wood 
strip downward to the sub-grade. The dowel bars pass through semi- 


S circular openings, 3 in. in diameter, in the sheet metal. Expansion joints 
t were formed by installing a cork filler, 1 in. thick, as shown in Fig. 
‘ 5(b), which also shows the corner bracing used on all forms to prevent 

e ‘distortion during the placing of the concrete. To give the cork sufficient 

fis, rigidity against bending during the placing of the concrete, it was backed 

3) up with a board which was removed after the form was filled. Before the 

ae slabs were tested the cork was removed with a chisel. In Fig. 5(b) the 

ny dowel bars are in perfect position with respect to the cross-section of 
ual the slab—that is, zero error. Anchor bars were installed in both ends of the 
at slabs at the time of fabrication, as shown in Fig. 5, for attaching the test- 

* : ing equipment. 

by In addition to the twenty experimental slabs containing common dowel 

Bu bars, thirteen slabs were made for the study of another type of load-trans- 


f 
f fer device, For the purpose of ‘this paper, however, the discussion of 


PO et fs 


ot 
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Fie, 6.—EQUEPMENT FOR OPENING A CONTRACTION JOINT. 


Fic. 7.—EQUIPMENT FOR CLOSING AN EXPANSION JOINT, 
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results is confined to those obtained with common dowel bars since they 
are in so much more general use than any proprietary , device. The entire 
investigation required the fabrication and testing of thirty-three experi- 
mental slabs. 

In the fabrication and curing of the slabs every effort was made to 
duplicate field conditions. The concrete was of the same cement content 
and consistency as that used in practice and the slabs were reinforced 
with standard wire mesh. The sub-grade was tamped and sprinkled before 
placing the concrete. All slabs were cured under wet burlap during the 
first ten days, after which they were exposed to the weather. From each 
batch of concrete, beams and cylinders were made which were cured in 
the same manner as the corresponding slabs and tested at the same time the 
slabs were tested, thereby determining the flexural and compressive strength 
of the concrete in the slabs at the time of test. 

At the age of 28 days all contraction joints were opened a distance of 
0.75 in. and all expansion joints were closed. The equipment used for 
opening and closing joints (shown in Figs. 6 and 7) was operated by 
hydraulic jacks fitted with gages for determining the necessary loads. The 
test data included records of slip, corresponding load, and notes, supple- 
mented by photographs, describing the damage done to the slab for each 
increment of slip. Within a few days after all contraction joints were 
opened and all expansion joints closed, the process was reversed and the 
contraction joints were closed and the expansion joints opened to their 
original positions, thus completing one cycle of movement. At the age of 
one year all slabs were opened and closed nine more times, completing ten 
cycles of movement, and then pulled entirely apart in order that the 
cracking and spalling on the faces of the joints could be photographed. 


Resutts AND CoNcLusIons 


The results of the tests indicate that common dowel bars across con- 
traction joints in 5-in. pavement will cause a very slight spalling of the 
concrete around the bars if the errors are as great as 0.25 in. In 6-in. 
pavement the errors may be as great as 1 in. without causing spalling. 
These damages occurred when the joints were opened to a width of 0.75 in. 
If it can be assumed safely that a contraction joint will never open more 
than 0.5 in., little concern need be felt about the accuracy with which the 
dowel bars are installed. When opened to this width (0.5 in.) the only 
slab that showed any spalling was the 5-in. slab in which the bars were 
in error 1.5 in. 

The refinement with which dowel bars are placed is more important 
in expansion joints than in contraction joints. An error of 0.25 in. caused 
slight spalling and when the joint spaces were closed 0.75 in., to a width 
of 0.25 in. (which may occur in practice), errors of 1 in. caused the slabs 
to crack and spall. Typical cracking and spalling are shown in Figs. 
8 and 9, photographs of a 5-in. slab, containing an expansion joint, in 
which the dowel bar error was 1.5 in., after one cycle of movement (Fig. 8) 
and after ten cycles of movement (Fig. 9). 


atipr~ © 
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Fic, 8—DamMacrE Done To TEST SLAB BY ONE Cycin of MovpMENT (THICKNESS OF SLAB, 
5 INCHES; AND DOWEL-BAR HrRROR, 1.5 INCHES.) 


Fic, 9—SAME SLAB AS SHOWN IN Fie. 8, AFTER Tren CYCLES oF MOVEMENT. 
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Both the compressive and flexural strengths of the concrete, at the time 
the slabs were tested, were unusually high. The flexural strength of all 
test specimens was considerably greater than 550 |b per sq in., the State 
requirement for opening pavement to traffic in Indiana. The weakest con- 
crete tested had a 28-day modulus of rupture of 670 lb per sq. in., and a 
compressive strength of 4010 Ib per sq in. Consequently, no cracking nor 

spalling of the slabs can be attributed to inferior concrete. 

The loads required to open or close either the contraction or the expan- 
sion joints were less than anticipated and in no case were they great enough 
to stress the,slab dangerously either in direct tension or compression. All — 
damage done to the slabs was plainly due to stresses caused when the joints — 
were being opened or closed, by the wedging and twisting effect of bar 
misalignment. The loads necessary to open and close the joints were not 
great enough to produce tensile or compressive stresses approaching the 
strength of the interior: of the slabs—that is, the parts in which no dowel 
bars nor anchor bars were present. This statement is proved not only by 
computation, but by observation, since no transverse cracks occurred. Be- 
cause the slabs were capable of transmitting forces so far in excess of those 
required to open and close the joints, even when the dowel bars were in ~ 
the most faulty positions, the loads observed in this investigation seemed ~ 
to be of no practical significance and are not given in this paper. As a 
matter of general interest, however, the load necessary to close an expan- 
sion joint to a width of 0.25 in. in no case exceeded 4000 lb per bar. 
To open a contraction joint to a width of 0.5 in. required a load which, 
_in no instance, exceeded 3000 lb per bar. 

Based on the results reported herein, it is recommended that common 
24-in. dowel bars be placed with a degree of accuracy such that the error — 
of no one bar in an entire installation shall exceed 1 in. This degree of 
precision will provide assurance that the relative positions of all the bars 
will form a less severe geometric arrangement than that formed by the 
bars that were placed at 1-in. errors in the experimental slabs, since only 
the maximum error will reach 1 in. and many of the bars will have errors 
considerably less. The results of the field tests (Special Investigation A-7) 
show that a requirement for accuracy to this degree will impose no hard- 
- ship on the contractor. The vertical position of each bar can be checked 
quickly with a carpenter’s level, as shown in Fig. 4, and adjusted if 
necessary, until the bubble position is approximately the same as when 
the level is set on the forms. The horizontal position can be made perfect 
by adjusting each bar so that the distances from each end to one of the 
forms. are equal. Since the total error. (projected length on the cross- 
section of the pavement) of a bar. is equal to the square root of the sums 
of the squares of its vertical’ and horizontal errors, the «vertical and hori- 
zontal error could each be as great as 0.707 in. and still comply with this 
specification. If some type of holder is used to’ install the bars, it should. 
be adjusted at the beginning of the job and, provided it is always set on 
the forms in correct position and does not become damaged in handling, 
all installations should be correct. 
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SyNopsiIs 


All- soil mixtures commonly used for road surfaces and speedways are 


highly stable at some moisture content. This is equally true of cohesion- 


less beach sands, friable glacial silts, and highly plastic clays. Hence, 


every possible combination of sand, silt, and clay may serve satisfactorily 
as aggregate in stabilized soil, provided the right binder is used to 
cement the soil particles together. Furthermore, the moisture which binds 


soil mixtures into masses stable enough to withstand the abrasion pro- 


duced by racing motor cars must have surface tension and viscosity greater 


than those of free water. On these two facts the entire theory of soil 
stabilization is based. 

The underlying principles involved in soil stabilization and the possible 
means of its accomplishment are discussed without attempting to evaluate 
the practical aspects or the relative values of the various methods. Par- 
ticularly stressed is the application of the collodial phenomena of adsorp- 
tion and base exchange (21)* as they.affect: (a) Particles of soil, sand, 
-erushed rock, gravel, slag, etc., coated with films of air, water, soluble 
chemicals, and binders not soluble in water; (b) the relative adhesion 
between solids and films; and (c) the effect of the chemical composition of 
aggregate and binders and the ions on the surfaces of the solid particles. 

Construction methods, details of design, and methods of test have 


been discussed generally in another paper (1a) and will not be included 


therein. Reports listed in the Bibliography (which forms an Appendix 


to the paper) furnish more detailed information on the manner of apply- 


Norr.—Discussion on this paper will be closed in October, 1937, Proceedings. 
1 Presented at the meeting of the Highway Division, Birmingham, Ala., October 17, 


1935 
2Senior Highway Engr., Div. of Tests and Research, U. S. Bureau of Public Roads, 


Washington, D. C 
3 Assistant Highway Engr., U. S. Bureau of Public Roads, Washington, D. C. 


4Numbers in parentheses refer to the Bibliography in the Appendix. 
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ing the various treatments and making required tests as follows: Graded| 
soil mixtures (2); calcium chloride (3); sodium chloride (4); asphalt: 
emulsion (5), (6); asphalt, sub-oiling method (7); asphalt, mixed method | 
(6), (8); tar (9), (10); Portland cement (11), (12); sulfite liquor (138);; 
molasses (13), (14); calcium silicate (15); electro-chemical treatment : 
(16); application of heat (17); mechanical analysis (18), (19); routine: 
soil tests (18), (19); and Proctor tests (20). 


ADSORPTION 


Some soil particles have high attraction for air and, under proper: 
conditions, become coated with air films; others have high attraction\ 
for moisture and become coated with moisture films. Dried soil clods retain 
moisture enough to bind the particles into hard and, in some instances,, 
enormously strong masses. On the other hand, air is often adsorbed on 
soil solids so strongly after a period of drought that drops of rain will! 
roll along on dust without wetting it. 

The power that plastic clays possess of retaining their plasticity when 
mixed with sand or other non-plastic material, is caused by adsorption of” 
one solid by another. The clay is not distributed uniformly through the: 
pores or interstices of the coarse particles, but most of it forms a coat-. 
ing on the non-plastic material and many of the pores remain unoccupied | 
even if there is more than sufficient clay to fill them. 

For water or other binder to wet soil particles coated with air, it: 
must displace the air, which means that the particles must attract the: 
liquid more strongly than they attract the air. In like manner clay’ 
adsorbs different liquids to different extents; that is, its power of adsorp-: 
tion is selective and under suitable conditions one liquid will ae | 
another in contact with the clay. 

Bancroft (21), (22) calls attention to thicknesses of adsorbed moisture: 
films which have been found on different materials as follows (in millionths 
of an inch): On glass of one kind, 5.1; on glass of another kind, 3.1; 
on sand (10) mesh, 11.0; on sand (60 mesh), 4.5; and on plastic wet. 
clay, 2.0. The stationary film on copper was observed to be 0.000150 to 
0.000225 in. when water flowed rapidly and about three times as ee | 
when it flowed more slowly over the copper. The air film between two 
pieces of glass compressed at 7 grams per sq em (0.099 Ib per sq in.), was 
found to be 0.000120 in. thick. 


Firm Moisture ww Som q 


In completely saturated soil, every particle is covered with a coating 
of film moisture attracted to it more strongly than by the force of gravity. 
Until enough water is added to the soil to satisfy the condition of equilib- 
rium between attraction of gravity and of the soil particle for water, 


all the moisture is arranged around the particles as films, with the 
interstices between the films filled with air. 


| 
: 
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It is impossible to remove all the film moisture from soils by enormous 

entrifugal forces exerted by powerful centrifuges. Therefore, it is con- 
luded that much of the film moisture is held on the soil particles «by 
dhesion equal to, or greater than, the enormous forces that fail to remove 
t. As a result of this great adhesion, film moisture is more viscous or 
rlue-like than water in bulk. ‘ 
_ The chemical composition of the soil particles, the nature of ions 
\dsorbed on their surfaces, the moisture content, degree of compaction, 
nd temperature of the soil control the thicknesses of moisture films, which 
ary widely. 

Chemical composition of soil is indicated by the ratio of silica to 
he combined iron and aluminum oxides. This ratio is termed the silica 
? me o . Clays high 
n silica, termed “podsols,” consist principally of the highly water-adsor- 
ent, scale-like particles productive of high plasticity and shrinkage. Soils 
igh in iron and alumina, termed “laterites,’ consist more of the bulky 
© spherical particles which do not attract water so strongly. 

A colloid which holds hydrogen adsorbed on its surface is termed a 
ydrogen-ionized or H-colloid. One with calcium adsorbed on its surface 
s termed a calcium-ionized or Ca-colloid. If a substance like hydrated 
ime, Oa(OH)., is leached through soil containing H-colloids, the calcium 
eplaces the hydrogen to form Ca-colloids, and the hydrogen thus released 
ombines with the (OH). to form water. Such exchange of ions is 
ermed “base exchange.” 

The potassium ion is representative of those ions which undergo small 
rolume change when alternately wetted and dried. It has a true diameter 
f£ 0.000000009 in. and in suspension becomes associated with 16 mole- 
ules of water, thus attaining an apparent diameter of 0.000000021 in. The 
ithium ion is representative of those ions which undergo great volume 
hange when alternately wetted and dried. It has a true diameter of 
.000000006 in. and becomes associated with more than 120 molecules of 
ater thus attaining an apparent diameter of 0.000000040 in. Between 
otassium and lithium other of the more common metallic ions can be 
tranged in the order of their attraction for water (36). Therefore, a 
otassium clay would be expected to undergo the least, and a lithium clay 
he greatest, volume change under climatic variations. Change of ions 
n the surfaces of the clay and colloidal particles effects a change in 
hrinkage, swell, and like properties on which the stability of the soil 
lepends. 

The concentration of the hydrogen ions determines the relative acidity 
f alkalinity. It is indicated by the pH-value which may be defined 
s the reciprocal of the logarithm of the grams of ionized hydrogen per 
ter of solution or suspension. The lower the pH-value is below 7.0, the 
reater is the acidity of the liquid and the greater is its base-exchange 
apacity, : 


esquioxide ratio and is designated by the symbol, 
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The moisture content of a clay soil controls the thicknesses of film on 
the colloids. This, in turn, determines the density to which a particular 
pressure will compact the soil. 

The relation between dry-weight density per cubic foot of samples com- | 
pressed at equal pressures, to the moisture contents in percentage of the 
total soil and moisture volumes, at which the samples were compressed, 


broken line in Fig. 1 shows the relation the density would have to 
moisture content if the samples contained no air. At any density, the 
difference in moisture contents indicated by the two lines represents the per 

centage of moisture, by volume, required to replace the contained air. 
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Fic, 1.—RELATION BETWEEN DENSITY AND Moisturn CONTENT. 
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The moisture contents at which the straight lines intersect, indicat 
the limits of four distinct stages of wetting which the compressed samples 
undergo before their pores become completely filled with water. Wetting 
up to a moisture content of 20.7% (Fig. 1) may be termed the state of | 
. hydration, during which part of the contained water is absorbed by | 

the soil particles, and the remainder is adsorbed on their surfaces in the : 
form of cohesive films. | 

Moisture contents ranging from 20.7 to 31.1% indicate the stage 
lubrication. Part of the contained moisture now acts as a lubricant 
facilitate the re-arrangement of particles being compacted without, how- 
ever, excluding all the air. Water in excess of 31.1% causes the goil ‘mnie 
to swell, although the air content is not further appreciably decreased site i" 
a moisture content of 47.7% is reached. Moisture contents between 47." 


ag 


re 
a 
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and 54. 3% represent the stage of saturation, during which practically all 
the air is displaced and the soil becomes truly saturated. 

The moisture content (31.1% in this case) at which maximum density 
is attained is the optimum suggested by R. R. Proctor, M. Am. Soc. C. E. 
(20) for use in connection with the construction of earth embankments 
and dams. 
_ Temperature is an influencing factor because in cold weather the 
adsorbed films are in general thicker than in warmer weather (1b). 


Errect or Finm CHARACTER ON PROPERTIES oF Som 


The free water, or pore water, is that which fills the interstices remain- 
ing between the outer surfaces of the adsorbed moisture films and not 
the pores between the surfaces of the soil particles as such. The flow of 
water through soil likewise occurs between the films adsorbed on the 
particles. As a result the speed at which water percolates through soil, 
as well as the moisture contents indicative of some specific state of stability 
of soil, varies wherever the thicknesses of the adsorbed films change, in 
some cases, when the viscosity of the free water changes. 

Winterkorn (23), (24), (25) has shown that, due to the change of the 
kind of adsorbed ions on the particles of one type of soil, the liquid limit 
varied between 39 and 57, the plasticity index between 16 and 40, and the 
percentage of colloids between 11 and 28. The moisture content increase, 
indicating the swell of the samples in the Terzaghi compression device 
when the pressure was reduced from 3.2 kg per sq cm to 0, varied between 
1 and 5 per cent. 
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Fig. 2.—ContTROL CURVES. 

The optimum moisture content (mentioned previously) at which max- 
imum density is attained is not a constant for a particular soil, but 
varies as the compacting pressure is changed. The relations of optimum 
moisture content to compacting pressures, attained densities, and stabili- 
ties, as indicated by the Proctor plasticity needle for one soil investigated 
at George Washington University, are shown in Fig. 2 
i 
‘+ 
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Change of temperature alone, when other conditions are constant, 
causes considerable variation in the indicated properties furnished by 


tests. The test data furnished by A. M. Wintermyer, Assistant Highway © 


Engineer, United States Bureau of Public Roads, and shown in Table 1 
disclose no effect of temperature on the liquid limit of Sample S-9616, 
which is pumice having no plasticity. 


TABLE 1—Errect or TEMPERATURE ON Puasticiry TrEst 
Wate ey Se a Se See ee iS ee ee 


Trestep at 40°F Trstep at 90° F 
le No. _ a ee eee 
ae Liquid Plastic Plasticity Liquid Plastic Plasticity 
limit limit index limit limit index 
GLC sano tic eb ak tine Pisces ties 40 we 0 40 
POLE ciciclaeisaiclasdie tc ale\ere'® oreo eg sie 57 30 27 49 23 26 
BOG LSarstaalee ctaels te ovecciaterte:a0 la oyare 36 24 12 32 23 


The liquid limits and plastic limits of both plastic soils (Samples S-9617 
and S-9618, Table 1) were higher when the tests were made at the lower 
temperature. However, the corresponding variations in the plasticity 


indexes, which are most used for field control in the construction of © 


stabilized roads, are relatively small. 

The results of tests performed by Messrs. R. O. Thoreen and F. A. 
Robeson, of the U. S. Bureau of Public. Roads, and shown in Table 2, 
reveal the relative influence of both viscosity and adsorbed film thickness 
on coefficients of permeability. 


TABLE 2.—Errect or TeEMPERATURE ON OOEFFICIENT OF PERMEABILITY 


CoEFFICIENT OF PERMEABILITY 


Badass, ee 
at which test 
Soil was made, in | At test tempera- Coneeoted ice 
degrees. ture, in centi- ves" F ad 
Fahrenheit pace ect yer centimeters 
per second 
EG hn ohn Cg OA Ceci Srey teas pees roe 85 0.0481 
Passing No. 60 sieve and retained on No. 80 sieve.. 85 0.0222 0.0875 
ESUBY ROU Gate cot cis Saeit s ce sheet Ber 72 6.47 x 10° 6.13 X 10-3 ~ 
eid cE Bee ae S12 3 or 2 ainivie git one enteral { 50 { 3.49 X 10-8 4.54 10-8 
ee 0 0 ae 


The coefficient of permeability of the sand was found to be 0.0481 
em per sec at 85° F, as compared with 0.0222 cm per sec at 35° F. Apply- 


me 


ing the usual correction for difference in viscosity of water (33), these — 
coefficients become 0.0390 em per sec and 0.0375 em per sec, respectively, ; 


at a temperature of 68° F. 
The coefficient of permeability of the clay soil was found to be 6.47 


x 10° cm per sec when tested at 72° F and 3.49 xX 10° em per sec when 


tested at 50° F. These coefficients, when corrected for viscosity of water 


at 68° F, become 6.13 x 10° em per sec and 4.54 xX 10° em per sec. 


Permeability tests made on samples of a similar clay at various voids 
ratios indicate that the decrease in permeability due to the greater film 
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_ thicknesses at the lower temperatures, shown in Table 2, is equivalent to 
‘that produced by reducing the voids ratio from 0.97 to 0.89, which would 
indicate an increase in the effective volume of the solid particles of about 
-4 per cent. 

2 The effect of temperature variation on the stability of soil is illustrated 
by tests on a clay soil compacted in the Proctor cylinder and penetrated 
with the plasticity needle (20). The data showed (1f) thatthe stability 
was 1400 lb per sq in. when compacted at 42° F; 960 lb per sq in. when 
the temperature of the sample was raised to 130° F; 1490 lb per sq in. 
when the temperature was then reduced to 33° F; and, finally, 1100 lb per 
Sq in. when the temperature was again raised to 118° F. ; 


Types or Som STaBiLizATION 


In the application of information now available on soil stabilization 
the methods to be used depend largely on the availability of required 
‘materials. In some locations, such as the southeastern part of the United 
States, Nature provided deposits of sand clay and top-soil having the 
grading and character required in the best of road soils. . 

In some locations, binder soils and aggregates are available for pro- 
ducing mixtures having the properties of the best of the naturally good 
soils. In other locations, materials are available for the graduations 
required in roads, but the binder soil may be of inferior quality. Finally, 
there are locations where there is deficiency of the aggregate required for 
properly graded mixtures. 

Studies of the best of natural road soils indicate that the design 
requirement of stable soil mixtures should include the following: 


(1) The aggregate should be hard and durable enough to resist weather- . 
ing, traffic abrasion, and crushing. Sound, tough particles or fragments 
of gravel, stone, slag, or combinations of them, crushed to the proper size, 
should prove suitable. Certain types of shales and similar materials that 
break and weather rapidly when alternately frozen and thawed, or wetted 
and dried, should not be used. 

(2) The soil fines should be of a character such as to provide graded mix- 
tures with the proper balance of capillarity and adhesion without risk 
of detrimental volume change. It is particularly essential that the fines 
do not swell enough in the presence of moisture to cause the clay to 
become a lubricant instead of a binder. 

(3) When local materials are available for the proper proportioning of 
aggregate and binder soil, but the natural clay does not have the binder 
 yalue required in highly stable road surfaces, a number of admixtures may 
be used singly or in some combination. There are, first, the chemical salts, 
calcium chloride, sodium chloride, and magnesium chloride; and second, 
the waste products of industry, such as sulfite liquor from the manufac- 
ture of wood pulp, “blackstrap” from the molasses industry, and huge 
acumulations of waste sizes of the mineral aggregate industry. 


\ 
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? 
(4) When only fine or poorly graded materials are available, the asphaltie,: 
tar, and Portland cement binders may be utilized to provide stable base 
courses to be covered with bituminous surfacings. In isolated cases heat 
treatment has been used. 


In the stabilization of fills the Proctor method or some modification is 
receiving considerable attention and for foundation soils, injection of 
chemicals and electro-chemical treatment furnish possibilities. 


Apmixtures Arrect Soms 1x 4 NumsBer or Ways 


Among the ways that admixtures may assist in stabilizing soils are> 
the following: 


(1) By absorbing moistures from the air and reducing evaporation 
from the road surface, some chemicals may serve to keep the roads in a| 
damp condition. This reduces the dust nuisance and facilitates the com-- 
paction of the surfaces under traffic. 

(2) By electro-chemical action, chemicals and the waste products may ' 
serve to increase the density and stability of road mixtures. % 

(3) By chemical action, the same materials may combine with each; 
other, or with certain of the natural clay constituents, and thus form 
water insoluble cements of high binding value. : 

(4) The Portland cement and bituminous materials serve the double. 
purpose of binders and for eliminating the destructive water-absorbent 
properties of the clay binders. | 


It is difficult to distinguish between the electro-chemical and the poral 
chemical actions of admixtures for increasing the stability of soils. How- 
ever, singly or in some combination they seem to explain not only the 
performances of soil roads in service, but also suggest relatively simple 
procedures for future construction. 

As primes and fillers, certain soaps, etc., and admixtures of hydrated 
lime, and certain types of stone dust seem admirably suited for increas- 
ing the adhesion of bituminous binders for certain soils. ; 

In addition to their deliquescent and water retentive actions, the 
chloride salts, by electrolytic action, may cause the compacted mixture ta 
attain densities greater than untreated soils, and they minimize the volume 
change of the binder which is productive of disintegration of the untreate 
surfaces with changing moisture conditions. 

Mixtures of acidic and neutral materials seem to attain greater stabilit 
than that of either one separately. Limestone dust and certain slags see 
admirably suited for use as pre-treatments, or with other admixtures t 
neutralize acid soils. This may be especially desired in the case of siliceou 
clays. In some base courses now (1937) being contructed, an acid clay 
is mixed with non-acidie limestone aggregate. 

In connection with the formation of natural colloidal cements tw. 
types of either rock powders or clays must be considered: Those whic 
on soaking in water or watery solutions soften to the extent that they 
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become, to ever so slight a degree, glue-like, and those materials which 
do not. To a small extent many of the sandstone, trap, and limestone 
powders are thus made glue-like by water alone and more so by water- 
soluble inorganic salts (13). 

Experiments have shown that the cementing value of mixtures of 
the two types of materials (those which soften and those which do not) 
is considerably greater than the binding value of either material alone. 
Mr. A. S. Cushman and Prévost Hubbard, Affiliate, Am. Soc. C. E., found 
(18): (a) That by combining a granite with a cementing value of 3 and a 
limestone with a cementing value of 27, they obtained a cementing value of 
110 for the mixture; (b) that a granite powder which had a cementing value 
of 10 when mixed with water alone, had a cementing value of 44 when 
mixed with lime water; and (c) that an amorphous chert which had a cement- 
ing value of 6 when mixed with water alone, had a cementing value of 22 
when mixed with 4% of calcium oxide and water, and more than 2000 when 
mixed with 13% of calcium oxide. 

As a result it has been found possible to construct low type surfaces 
of only waste limestone or slag screenings treated with the chloride salt 
solutions. With granite screenings the addition of a small quantity of 
limestone also has been found to be beneficial. 


ADMIXTURES OF PorTLAND CEMENT AND Bituminous MarteriAts 


Efforts to stabilize fine-grained soils by admixtures of lime and cement 
‘materials were made in Iowa and South Dakota as early as 1924 and in 
Ohio several years later. The results of this early work were not par- 
ticularly promising, but they should not be considered as indicating the 
possibilities of such treatments, because the requirements of the thorough 
distribution of the admixture, the high degree of compaction, and the 
protective surface treatment now deemed necessary, were not recognized 
in the earlier work. 

More recently (11), (12) research on the use of Portland cement 
for stabilizing soil bases has been performed in South Carolina by the 
State Highway Department. The purpose of this work has been to 
develop a base material that could be constructed at less cost than that 
required to provide one of properly graded sand clay or top-soil. 

The results from these experiments were so promising that a number 
of similar roads are being constructed in other States. Experimental 
pase courses constructed with available soil materials and the various 
tars (9), asphaltic emulsions (5), and cut-backs, and oils (6, 8) show similar 
promise. 

Use or Orner ADHESIVES 


Waste Sulfite Liquor—Products prepared from the crude liquor have 
been marked from time to time under various trade names, for use as 
binding mediums in road construction. As early as 1910 Mr. Hubbard (18) 
published results obtained by the U. S. Bureau of Public Roads, showing 
the increase in compressive strength obtained by treating various rock 
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powders with products prepared from waste sulfite liquors. ' However, the 
binding base of the adhesives tested was soluble in water, and, as a result, 
it was found that frequent rains tended to destroy the bond and remove 
the lignin from the road surface. In order to offset this difficulty attempts 
were made, at that time, to waterproof or make insoluble the residual 
base without destroying its binding value by admixtures of asphaltic road 
oils and deliquescent chemicals, such as calcium chloride. 

In 1936 waste sulfite liquor, marketed under a trade name, was used 
for the treatment of gravel surfaces in New Jersey and experimented with 
by the State Highway Department of Washington for use primarily as a 
dust palliative, although the possibilities for its use as a stabilizing agent, 
especially in well-graded mixtures, have not been overlooked. 

Molasses Residues—A thick, sirupy liquid by-product obtained in the 
manufacture of sugar from sugar cane is known as “blackstrap” which, 
when treated with quick lime, forms compounds of high binding value 
known as calcium sucrates. Blackstrap, in combination with oil and lime, 
was applied as an experiment by the U. S. Bureau of Public Roads on 
a road at Newton, Mass., during the summer of 1908 (13), and a molasses- 
lime mixture was applied as a surface treatment on a section of the 
Bradley Lane Experimental Road, Chevy Chase, Md., in December, 1911 


(29). Within a year, however, rains removed all traces of the treatment, — 


causing the road to take on the appearance of an adjoining section which 
had been maintained as untreated macadam. 

In January, 1936 (14), attention was called to a practice in India in the 
olden days, when a kind of coarse sugar, made by evaporation from 
the sap of palm trees, was added to lime to produce an improved quality 
of mortar. With this as a background, a short length of road surface 


formed of lime kankar was treated and the results were encouraging. — 


(Kankar is a kind of limestone usually occurring as nodules in top-soil, 
used for making lime and in building roads in India.) In order to pre- 
vent the molasses from being washed away during rains, slaked lime was 
mixed with it, the claim being that the addition of burnt lime to molasses 
produces tri-calcium sucrate, which is insoluble in water. 

Calcium Humate—When lime is added to a soil containing humus 
(24), the calcium replaces the acidic hydrogen in humic acid, forming 
the more stable so-called calcium humate or neutral humus. 


Hilgard (30) points out that there are several humates (of lime, mag- — 


nesia, and iron) which assist in producing and maintaining crumb struc- 
4 


9 eet 


ture. When fresh, these substances are colloidal (jelly-like), like clay © 


itself, but, unlike the latter, when once dried, they do not resume their 
plastic form by wetting. The crumbs thus formed are, therefore, quite 


permanent and contribute to the looseness of uncompacted soils rich in 


humus. One part of lime humate is said to be equal in cementing power 
to eleven parts of clay. 


Calcium Silicate—The insoluble calcium silicate binder is produced — 


by treating soils first with sodium silicate followed by the application of 


ealcium chloride according to the general principle used in the old English 


‘ 


: 
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method of manufacturing artificial stone (31). Its use in soil stabiliza- 
tion has been principally in connection with increasing the stability of 
granular soils in connection with the construction of buildings and other 
structures (15). 


TREATMENT WitHout ADMIXTURES 


| Llectro-Chemical Treatment.—In a method utilizing electricity for 
stabilizing soils, described by Endell and Hoffmann (16), metal electrodes 
are introduced into the soil at appropriate distances, aluminum always 
being used for the anode and copper for the cathode. Direct current is 
then allowed to pass between electrodes until the soil is hardened. Experi- 
ments were described in which a clay specimen had been brought into its 
container with an almost liquid consistency, the water content being 
about 80 per cent. After treatment for some time with a current of 8 
to 14 amperes, at 300 to 500 volts, the clay had become so hard that an 
iron rod, 1 sq cm in cross-section, failed to penetrate it when placed 
under a load of 10 kg (22 lb). Specimens cut from the side of this 
block nearest the aluminum electrode neither disintegrated nor swelled 
during several months of immersion in water. 

_ Application of Heat—The essential features of this method of treat- 
ment are illustrated by a method used in the so-called “black-soil” areas 
in Australia, in localities where the haul for gravel or crushed rock is 
excessive (17). A slow-moving, down-draft furnace with a speed of about 
10 ft per hr was developed at Sydney, New South Wales, for baking the 
soil in place and converting it into a brick-like material. The machine 
(see Fig. 3) is wood-fired, of the air-gas producer type, on a chassis on 
road wheels, and is propelled under its own power. 


Direction of Travel 
nn al 


Subgrade 


—s 


Fig. 3.—DIAGRAM OF FURNACE FOR HEATING SOIL IN PLACE. 


Prior to heating, the road is graded to the desired cross-section and the 
strip to be treated is scarified to a depth of about 4 in. As the machine 
advances over a particular area, the soil is first subjected to the exhaust 
gases and then gradually increasing temperatures until the full intensity 
of the heat of the gases issuing from the generator is reached. Work 
proceeds continuously day and night, a machine 6 ft wide completing about 
‘500 ft of roadway 18 ft wide per week. The effect of the treatment is 


noticed to a depth of about 6 in. 
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When traversed by roller the treated clods are broken down fair 
readily. The clay binder is applied to the broken material, the road is 
shaped up and rolled again, and is then ready to be opened to traffic. 


Errect or Graping AND ApMIxTURES oN DeENsITY 


The effects of grading and admixtures on stabilized soils compacte 
by the Proctor method (20) have been described in some detail elsewhere 
(1), the gradings and physical j., 
properties of red clay, Iredell, EY soi [J] water 
Arlington, and Manor soils 
being shown in tabular form 


(le). 


Grading.—The effect of the 8 a 4 
different gradings on the densi- 3 z z 
ties obtained at equal compac- 2 e : 
tive efforts and fairly constant g e 
temperatures has been discussed be 
in the earlier study (1f) (1g). ye 

The red clay (Sample 1, é 


Fig. 4, and Table 3) contains 
68% of clay, 20% of silt, and 
12% of sand. At the optimum 
moisture content of 16.7%, the 
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dry weight was 113.0 lb per cu : attic 3 719. ap Saal 
ft as compared with a dr Sample Number ; 

n Pp y Fic. 4.—EFFect OF GRADING ON DENSITIDS ~ 
weight of 129.8 lb per cut ft, or COMPACTED SAMPLES. 7 
TABLE 3.—Grapinc or Compactep SAMPLES (Sze Fig. 4). ? 
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‘ ; Grapine (PeRcENTAGES), FOR SAMPLE Nos.: : 

Classification - 
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* 24% retained on a No. 20 sieve. 


thi : : 
vee Ae jee oe eee t Nothing retained on a No. 20 sieve. 


Nothi tai 
a No. 60 sieve. wena 


at 9.6% optimum moisture content for the excellent soil mortar, Sample No. 

Samples Nos. 2, 3, 4, and 5, Table 3, were obtained by adding sil 
and sand to the red clay represented by Sample No. 1. An attempt was 
made to obtain proportions representative of the different fractions o: 


Sample No. 6. Thus, Sample No. 5 represents approximately the gradi: 


of the fraction of material of Sample No. 6 that passes the No. 40 sieve 
Sample No. 4 represents 


ie the fraction that passes the No. 60 sieve ; Sampl 
0. 


3 represents the fraction that passes the No. 100 sieve; and Sample No 
2 represents the fraction that passes the No. 270 sieve. 
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_ Fig. 4, with Table 3, shows that as the total sand is decreased from 
that of Sample No. 6 to that of Sample No. 2, the weight of the com- 
pacted mixtures decreases and the optimum moisture contents increase. 
In Sample No. 7 an attempt was made to approximate the grading of 
the fraction of Sample No. 6 that was larger than 0.005 mm. As would 
be expected in the absence of the clay fraction, the optimum moisture 
content is smaller than that of Sample No. 6, being only 8.5 per cent. 
The weight of dry soil at maximum density, however, is only 124.1 lb 
per cu ft, which is 5.7 lb per cu ft less than that of the excellently graded 
material (Sample No. 6). 

In the four samples, Nos. 8, 9, 10, and 11, Table 3, the sand, silt, and 
clay fractions are constant, but the grading of the sand fraction is varied. 
The maximum density of Sample No. 8 (with 5% of silt and 18% of clay, 
and approximately the same sand gradation as Sample No. 6) is slightly 
lower than that of Sample No. 6. As the coarser sand fractions are 
eliminated in Samples Nos 9, 10, and 11, and the mixtures approach a 
more nearly uniform grain size, their densities decrease. 

Electrolytes—In Fig. 5(a) are shown the effects of different electro- 
lytes on the densities of compacted samples of the Arlington, Manor, and 
the Tredell soils. Using the Arlington samples for illustration, it will be 
noted that admixtures of sodium hypo-sulfite, sodium chloride, ferric chlor- 
ide, and calcium chloride, effect an increase in weight of dry soil per cubic 
foot over that of the natural soil with water alone, whereas the weight 
of the sample treated with sodium silicate is less than that of the sample 
without admixtures. 

Fillers and Adhesives—In Fig 5 (b) are shown the effects produced 
by other admixtures on the densities of different samples. The fact that 
films of water-soluble adhesives might be thicker than those of water has 
no significance with respect to the relative stability of soils treated with 
the different materials. 


Tests Usep in Som SrTaABILizATION 


In practice, the suitability of graded mixtures is determined by means 

of sieve analysis of the aggregate retained on the No. 10 sieve, combined 
sieve and hydrometer analysis of the fraction passing the No. 10 sieve, 
and the Atterberg plasticity tests performed on the fraction of the material 
passing the No. 40 sieve, an effort being made to combine materials in 
such quantities that the resulting mixture will conform to the require- 
ments of stabilized road surfaces. To this end, specifications have been 
prepared on the basis of grading and the plasticity index. 
' However, any chance combination of two materials that falls within 
the limits of the specifications may not be the best possible combination. 
As has been shown by Miller (32), the specifications may call for a plas- 
ticity index of between 4 and 12, but for two given materials (aggregate 
and binder), there is one combination having a definite plasticity index 
at which highest density may be obtained. 
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; The curve in Fig. 6 shows the maximum densities obtained in the 
-roctor test on five mixtures of Potomac River sand and Arlington loam. 
+ indicates that the maximum density will be obtained by combining 
0% of the Arlington loam with 70% of the sand. The plasticity index 
4 this mixture is 6 and should be used for control in the field. 

For the design of soil base 
ourses in which asphaltic emul- 
jons are to be used, C. L. Mc- 
<esson, M. Am. Soc. OC. E., advo- 
ates the use of special tests 
lescribed elsewhere (5). The mois- 
ure content and the quantity of 
inder required in soil base courses 
tabilized with Portland cement, 
ar, and certain asphalts are deter- 
nined by means of the Proctor 
ests. 

The Proctor tests are used ex- 
ensively in connection with the y 
onstruction of earth dams and ¥ hice ae ee of Total wee ee 
mbankments. However, it is be- Fic. 6.—MaximuM Dry DENSITIES OF 
lieved that a modification of these EIS ELSE 
ests, which furnishes data, such as those shown in Fig. 2, allows more 
rtitude of construction procedure. For the compactive pressure to be 
rovided by a given type of equipment, the corresponding optimum moisture 
ontent, resulting density, and plasticity needle readings are shown by the 
urves. Likewise, for any desired embankment density, the equivalent pres- 
are that must be furnished by the rolling equipment, is disclosed. 

To illustrate, let it be assumed that rolling equipment, exerting a com- 
active effort equivalent to a static pressure of 3800 lb, is to be used. 
‘hen, the soil (Fig. 2) should be compacted at a moisture content of 
2.9% of the weight of dried soil; the resulting density should be 104.4 
> per cu ft; and the plasticity needle reading, 117 lb per sq in. If, 
n the other hand, the embankment is to be constructed at an optimum 
n0isture content equal to, say, the plastic limit (26%), the soil should 
e compacted at an equivalent static pressure of 130 lb per sq in. The 
esulting density is 99.2 lb per cu ft, and the plasticity needle reading, 
9 lb per sq in. 

The slopes of the density-moisture content curves may be quite different, 
s shown in Fig. 7%. Assuming that the moisture content can be con- 
rolled in the field within a range of 5%, a variation of 2.5% above and 
elow the optimum would be expected if the control value was set at the 
ptimum moisture content. According to Fig. 7(a), densities from 98.4 
» per cu ft to 100.6 lb per cu ft would be expected from this particular 
vil. The density-moisture content relationship shown in Fig. 7(b) has 

steeper slope than the one shown in Fig. 7(a), although the indicated 
‘aximum densities are the same. A variation 2.5% above and below the 


Maximum Dry Density, in Pounds per Cubic Foot 
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optimum moisture content would result in densities between 94.35 
per cu ft and 100.6 lb per cu ft. By setting the control moisture some- 
what above the optimum in the case of the soil with a density-moisture 
content relationship, such as that shown in Fig. 7(b), it is possible to 
reduce the variation in density. Thus, using moisture contents from 2.5 Gh 
below to 2.5% above 26.2%, the resulting densities would be between a 
Ib per cu ft and 100.6 Ib per cu ft. 
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Fig. 7.—Errecr of MOISTURE CONTENT VARIATION ON DRY 
WEIGHT OF COMPACTED SOILS. 


CONSTRUCTION VARIABLES 


In the mixing of solid binders, such as clay and Portland cement 
with aggregate, advantage is taken of the adsorption phenomenon that 
for thorough distribution it is only necessary for the materials to 
brought in close enough association to permit the dry powders to become 
attached to and coat the aggregate. 

Bituminous materials, in contrast, coat the soil more readily after the 
air films have been removed by wetting the particles. Therefore, water 
in various quantities is used to obtain the required distribution of ta rs 
and asphalts in soil mixtures. 

The materials have been mixed by harrowing, blading, ete., by portable 
plants on the roads, and by means of plants set up at the source of supply 
of the soils or mineral aggregates. 

Asphaltic materials used as stabilizers in Jackson County, Missouri (7), 
were introduced at desired depths below the surface of the loose road mi: 
by means of a specially constructed “sub-oiler” (1d). It is essentially : 
tooth scarifier, having an oil line attached to the back of each tooth a 
running nearly to its point. 

Graded mixtures have been compacted by rollers supplemented by traffic 
on roads and by rollers, trucks, etc., in fills. Generally, when the Procto 


og 
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method of control is used, the prongs of a sheep’s-foot or tamping type 
roller, or equipment that produces a similar effect, are required to pene- 
trate the unconsolidated material and compact the layer from bottom 
upward, in order that the layer of fine material may be consolidated 
“uniformly throughout its thickness without stratification. Compaction by 
vibrating the soil is another method: being investigated. 


SuMMARY 
A review of the development of soil stabilization discloses the fact 
that the principal means followed in practice until several years ago involved 
the use of granular materials. With the increasing demand for farm- 
_ to-market roads the use of water-retentive chemicals was found to be a 
-yaluable supplement in the construction and stabilization of properly graded 
road mixtures. Attention was next directed toward the use of water- 
insoluble binders, including bituminous materials and Portland cement, 
for stabilizing poorly graded and fine-grained soils. Data now available 
| indicate that: 
1.—Soil stabilization involves phenomena in one or more of the fol- 
lowing steps: (a) Removal of the air film by wetting the soil particles; 
(b) making the liquid films stronger and more lasting by use of deliquescent 
and water-retentive electrolytes; (c) use of waste aggregate materials to 
provide the proper neutrality of the mixtures; and (d) replacement of 
the liquid or air films with bituminous materials, Portland cement, and 
‘other insoluble binders in the stabilization of fine or poorly graded soils. 
9.-Admixtures which have been found unsatisfactory for treating road 
surfaces subjected to abrasion by traffic and action of the climatic ele- 
ments may provide benefit when used in base courses protected from these 
influences by impervious bituminous surfacings. The use of adhesives 
is not expected or intended to render the soil sufficiently hard or tough 
to resist the abrasive action of traffic, but simply to render it resistant to 
water from capillarity and thus to retain the same stability that the 
soil had at the density obtained during construction. 
3-—Use of natural soil with the thinner films, or chemical solutions 
+o reduce the thickness of the films and thus provide greater density, 
furnishes three distinct benefits to soil structures in service. The thinner 
‘the films the smaller is the quantity of free water that can be released 
as the soil becomes warmer. Consequently, soils with chemically thinned 
films retain greater uniformity of stability under changing temperatures. 


Reduced film thickness causes soil to attain high density with less 
compactive effort. This means lower cost for compacting fills, earth 
“dams, etc., and less time required under equal traffic conditions for road 
“mixtures to become stable. The latter is especially important in base- 
course construction where the highest density is desired in the shortest 
‘possible time, in order to prevent additional and, perhaps non-uniform 
compaction of the base course, after the wearing surface is applied. 

The freezing point lowers as the thickness of the film diminishes. 
‘Therefore, the denser the soil at relatively low moisture content, the 
less likelihood is there of the films freezing, even if they consist of water 
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alone. When the contained chemicals also depress the freezing point, a 


double provision against damage to stabilized soil due to frost is obtained. 


- 


CoNCLUSION : 


In conclusion, it should be emphasized that soil stabilization is as yet 
in its infancy. Laboratory tests are helpful for disclosing the various possi- 
bilities of attaining stability of soils, but their value is limited and the 
constants furnished by them are truly constant only for the conditions 
of temperature, etc., at which the tests were made. 

The plasticity tests disclose primarily only the binder properties of 
clay due to reversible phenomena. They do not throw light on the presence 
of colloidal cements that are likely to develop as the soils dry out during 
compaction under traffic. 

The Proctor tests afford a simple and promising means of determining 
optimum binder contents and degrees of compaction required for the 
attainment of given densities. The optimum density to which a given soil 
should be compacted for greatest stability in embankments is not as yet 
known. It has been suggested that there is a theoretical optimum for a> 
soil in dam construction beyond which tamping may become injurious (35). 
Meager data obtained in the laboratories of the U. S. Bureau of Public 
Roads seem to indicate the possibility of a drop in stability after the density 
of a sample at constant moisture content has been increased beyond a certain 
limit. ‘ 

How much the different fine-grained soils will swell, over long periods” 


of time, after being compacted to high density during the construction of 


embankments, is also a moot question. Generally, the pressure on the 
soil, at a given location, exerted by the weight of the embankment above 
it, is considerably less than the pressure at which the soil was compacted. — 
Only colloidal glue action could prevent such soils from swelling. If 
swelling were likely to occur to considerable degree there would seem to be~ 
no reason for compacting the soil with a pressure much greater than that 
produced by the weight of the embankment the soil is to support. 

The fact that some soils are particularly sensitive to small changes in’ 
moisture content indicates that from a practical standpoint they are undesir- 
able for embankment construction. Furthermore, such soils when used as bind- 
ers in stabilized road mixtures will re-act quickly to variations in moisture! 
content with consequent changes in stability and cementing properties. 
The basic relationships between soil particles and surrounding moisture films 
are applicable to both embankments and _ stabilized soil roads, and any 
tests revealing these relationships are valuable aids in the design and con- 
struction of either type of structure. 

Unfortunately, tests are not as yet available for disclosing the effects 
of climatic variables occurring during long periods of time on specially 
compacted and specially treated soils. As a result much of the desired infor- 
mation on the lasting effects of the base exchange, chemical actions, and 


especially produced film conditions must await the results of observations on 
stabilized soil roads and structures in service. 
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SOIL REACTIONS IN RELATION TO 
FOUNDATIONS ON PILES 
BYR YW. MILEER* MAW AM. Soce GE; 


SyNopsIs 


Technical literature dealing with foundation problems contains volumi- 
nous reports on the properties of clay, silt, and mud, and the reactions 
of these soils to loads transmitted through round or square plates of varying 
sizes. There has also been as much written on the properties and reactions 
of sand and other permeable soils under various conditions of loading. 
Seldom, however, does one find a clear analysis of the behavior of a com- 
bination of many soils, a condition that is encountered so frequently in 
the construction of foundations. Even less frequently does one discover 
a publication that is written for the practical use of the designer and 
the construction engineer who are seldom equipped for this highly special- 
ized branch of the profession. It appears possible that if more attention 
were directed to the application of theory rather than to theory itself fewer 
foundation failures would result. The attempt has been made in this paper, 
therefore, to use the construction field as a source of information, and to 
correlate the collected data on pile foundations under varying soil condi- 
tions so that the reasons for success and failure become evident. 

The data presented herein may tend to show that the “science” of pile 
foundations can be called a science only when the piles ate driven to rock, 
gravel, hardpan, or other substantial sub-stratum. Very little is known of 
skin-friction values or of the distribution of loads to the subsoils and, | 
therefore, not much is known about the correct spacing of piles. It will 
be evident that in soils of clayish characteristics, and even in saturated | 
sands, the dynamic pile-driving formulas are only a poor indication of 


the carrying capacity of a single pile; and that the carrying capacity | 


plaeines 


of a cluster or mat of piles seldom equals the value of a single pile multi- } 


plied by the number contained within the cluster. 


Note.—Discussion on this paper will be closed in October, 1937, Proceedings. 
1 Project Engr., PWA, Cincinnati, Ohio. 


-~ 
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AVERAGE PRACTICE 


Records collated from 250 pile-driving projects, well distributed over the 
United States, form the basis of this paper. The analysis is interesting 
in that it reveals the variety of soil combinations extant and the average 
treatment, by practicing engineers, of this complicated problem. As 
recorded from the boring data the soils were of such an infinite variety of 
mixtures and in such an infinite variety of proportions that only three 
examples will be noted: (1) 5 ft of sawdust, old paving blocks, and 
general refuse, on 25 ft of very soft and slushy mud, changing gradually 
to 5 ft of firmer blue mud on sand; (2) 6 ft of sand and clay, on firm sand 
and silt, on coarse sand and quicksand, on medium coarse gravel; and 
(3) 20 ft of hydraulic sand-fill, on 25 ft of mud, on 5 ft of peat, on marl. 
During the construction of the foundations for the Laurel Homes Hous- 
ing Project, Cincinnati, Ohio, in an area of 35 by 150 ft, loam top-soil 
was found on soils which may be described by the terms, clay, “bull liver,” 
and quicksand. Within the same area were found twelve cesspools and 
one spring flowing strongly during the drought of the summer of 1936. 
Imagination cannot picture a mathematical treatment of such a problem. 
With no apologies, it should be stated that such inexact terms as quick- 
sand, clay, the dirt movers’ “bull liver”, etc., are used throughout this 
paper as describing the soils more clearly to the minds of most engineers and 
contractors than the correct technical terms. No piles were driven for the 
Laurel Homes Project. 

The driving of piles in the widely varying soils indicated by the fore- 
going, develop reactions as diverse as the soils themselves. In some 


oe et 


instances a heave as much as 6 ft resulted, and, in others, settlement fol- — 


lowed. Added resistance to driving after rest resulted in some cases and 


lessened resistance to driving after rest in others. Frequently, shorter piles. 


were required as more were driven in a cluster, due to the consolidation of 
the surrounding soil, and at times longer piles were required as driving 
progressed. 

The solution of this problem may be demonstrated by average data 
computed from the aforementioned records. If the assumption is made that 
the design load must be carried by the soil below the pile-points, and if the 
average design loads are divided by the area represented by the pile- 
spacing, comparative loads per square foot on the several types of sub- 
soils can be ascertained. It is understood, of course, that whereas only 
average values, are being compared concentrations of loads may often occur 
beneath pile-points greatly in excess of the average. 

From Table 1, it is evident that, in spite of errors in assumptions, most 
of the serious settlements of foundations on piles in America should 
occur on projects where the pile-points rest in clay or other plastic subsoils. 
It is also evident that average practice is at times wasteful where the 
pile-points rest on firmer sub-strata. It would appear, therefore, that where 
piles have been driven in plastic soils, the average design load per pile 
has been too much, or the spacing of the piles has been too small, for the 
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_ the average design load. It would also appear that where piles have been 


and gravel at the one extreme to gumbo and peat at the other; (3) sand | 


driven to rock or other hard strata advantage should be taken of the. 


possibilities, such as increasing pile diameter, pile Spacing, the design 
load per pile, and the unit load on the hard sub-strata. In addition, it must 
be apparent that end-bearing piles driven to solid sub-strata present com- 
paratively little difficulty. 


| 
h 
‘ : 


TABLE 1.—Bearing Vauues For Pitre Founpations h 
S—enoaoyowyeoaoTwoeoeoeas$>S<~————— 


Dersien Loap, in Tons PER 


Average load Assumed 
Soil beneath pile-points *_ §©§ |—————————______________ upon subsoil, safe load, in 
in tons per tons per 
From: To: Average square foot square foot f 
ii 
“ge (1) : (2) (3) (4) (5) (6) 
— WON Re 3 paren eri an ea 12 35 25.0 2.8 1.0g 
PMT auctsleee alc ars Sete ie ane aes Sas 6 45 28.4 Be 4.0f 
USC): 2 Seo epee See eae ee 14 40 28.7 3.2 6.0 
EOUIIEGLY FRIAS) ch aictdtes tats oN 20 39 29.5 3.3 3.0g 
TO No Bie aD eee eee ne ee 18 70 36.4 4.0 30-100 .0§ 
* Average pile spacing equals 3 ft. + Building Code of Cincinnati, Ohio. } Average for fine 


clean sand and coarse compact sand of Cincinnati Building Code. § Building Code of Boston, Mass. 


Examination of the records indicates that the results are due in many 
‘Instances to incorrect, incomplete, or a total lack of, subsoil data, to mis- 
interpretation of the results of preliminary investigation, and often to 
too much dependence placed upon standards of pile loading and spacing. 


Soins 


Research and experience have brought to light soil characteristics that 
serve as a basis for the understanding of their reactions during the driv- 
ing of piles. However, variations in the water content or imperceptible 
quantities of other soils in combination change the results so that at times 
predictions as to reactions are embarrassing. 

In general, it may be said that: (1) Soils, to-day, are considered as solids 
definitely elastic in some degree; (2) compressibility varies from sand 


under load compresses almost at once, whereas clay of low permeability 
from which water can only escape slowly under pressure, requires a long 
time for permanent deformation; and (4) undisturbed clay recovers con- 
siderable of the depth of its settlement when the load is removed, depending 


on the duration of application of the load. 


Tur Brnavior or Impervious Sots 


The phenomenon of the compression and rebound of soils has been 
illustrated so many times by investigators, by means of compression and 


rebound curves, that additional curves are superfluous. It will be instruc- 


tive, therefore, to examine a fairly common phenomenon that may serve 


to illustrate the behavior of the more impervious soils. 


e 
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: One of the railways in the East was built through red and yellow © 


‘clay, with miles of clay cuts and fills. Large carloads of coal are hauled 
by heavy locomotives, producing heavy wheel loads. Observation of the 


after construction was completed, more and more ballast was added, and 
the track was lifted time and again, until, finally, for valuation purposes, the 
ballast was measured, and it was found that the road bed immediately 
under the ballast had assumed the shape of a ditch, 3 ft or more deep in 
places. This would mean that the repeated application of loads over a 
long period of time gradually compressed the clay until, after many load 
applications, permanent deformation was reached. Some evidence was 
discovered of side movement of the soil into cut ditches and of mixing of 
ballast and sub-grade. 

The time required for driving of piles, however, is usually a matter 
of minutes and the application of comparatively few blows. If a clayish 
or impervious soil is considered as elastic, it should compress momentarily 


——ae 


‘the result in either case is movement upward or in the direction of the 
‘least resistance. This is known as “heave”, and is less in soils containing 


beds of clay and sand, both heaving and subsidence may occur. No definite 
rules can be stated, but it is possible, from the examples that follow, to 
trace some similarity in the reactions of soils. 


< ase io fast i Nearly 2 Ft 
2 | | H | : H ' | Maximum Heave 
: 1 ! 

£ bike 1} j---4-F-=K Original Grade, 
s | \ a te 1) IN. Elev. - 7.25: 
= led | 1 l y PN 

a jb See ! 

a I 


SECTION 4-A SECTION B-B 
Fic. 1.—ARRANGEMENT OF PILES AND ORDER OF DIVISION. 

Example 1—During the spring of 1932, some interesting pile tests were 
made on the site of one of the larger Government Buildings in Washington, 
D. CO. (8)? Two groups of piles were driven: Group A, of five piles, haying an 
. average length of 20 ft; and Group B, of six piles, having an average length 


? The numerals in parenthese 
thus: (2(e)) refers to Item No. 2, Novoubee (ene eee Se ae macs 


track under traffic indicated that the clay sub-grade was originally very 
elastic, the deflection of the rails under the passing wheels being consider- | 
able, and the rebound being apparently equal to the deflection. For years 


with the blow of the pile-hammer and rebound at once; or if the reaction — 
is viewed as the displacement and flow of a plastic material under pressure ~ 


larger proportions of sand or water. If the soil happens to be sand, the — 
surface is more likely to subside than to heave. If the sub-soils are alternate © 


accented tahitian 
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~ of 13.6 ft. The piles in each group were spaced at 2.5-ft centers, and the 


two groups were separated by about 200 ft. All the piles were of straight 
shaft, uncased, compressed concrete, with a diameter of 15 in., and all but 


one (see Fig. 1, Pile 6, Group B), had a bulb or pedestal at the bottom. 


From Table 2 it is evident that the soil had consolidated around the 
piles of Group A as the driving progressed, and the piles, therefore, had 


- to be shortened. 


The ground was thrown: vertically upward during the 


TABLE 2.—Pite-Driving Data, Exampte 1 (No. 1 Stream Hammer; 
Stroke, 8 FEET) 


athe Prize Nos. 
Description 
1 2 | 3 | 4 | 5 6 
- (a) Group A* 
SRETICL MUI TIEEL acetal lob ehics 2c ne eich hten 26 22, 18 18 D7 re erat 
Blows per inch, in last foot of driving......... 5 5 7 5 Y Ged iA Ss 
: (b) Group B 
GO TUN AIL EST), toleetecsleh lnaboud vss. b. Lact whoris biel sins ake 14 14 13 13 13 14 
Blows per inch, in last foot of driving......... 7 6 6 6 i 6 
__ Creep (in inches), in direction of arrow....... US ELS h aay BE ES Schee yPee cSt cate es 


* See Fig. 1. 


early part of the penetration of each 
was only 0.5 ft. 
4 mixture of permeable and im- 
- permeable materials, the reactions of 
which were slightly on the side of 
the impermeable materials. Table 
- 2(b) shows that, in Group B, the 
soil had not tightened up sufficiently 
to cause shortening of the piles as 


pile; and yet, the maximum heave 


Fig. 2(a) shows that the strata penetrated consisted of 


WW VA FS 

Brown Clay 

Approximate Ground 
Water Line 


Sy Bani Gr 


Gray Mud, 
Clay and 
Sand 


the driving progressed. The heave ~ Gael wan 
amounted to a maximum of 2 ft, & Graveltain ee 
equal to approximately 70% of the « Lge 

displacement of the piles in the clay - -30 

and silt. It is evident, therefore, s 

that the soil around Group B was = 

of the clayish order (see Fig. 2(b)), © -40 ; Sacer 


as shown by its heaving reaction 

and small amount of consolidation. 
It is also evident that the soft 

concrete of the closely driven piles 
was more likely to become distorted 

in this group. This proved true; 
when the piles of Group B were 

excavated to the gravel stratum, 
1 ft above final penetration, Piles Nos. 


(a) GROUP A (b) GROUP B 
Fic. 2.—BorinGg DATA; HXAMPLE 1. 


-50 


ag (Decomposed Rock) >} 
: Hard, Impervious | 


4 


-60 


3, 4, and 5 had a tendency toward a 
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smaller sectional area in the clay just above the gravel and a slight lateral 
deflection, in the direction of least resistance, outward and away from 
the most highly compressed soil. 

Example 2.—On the construction of the Union Terminal, at Cincinnati, 
Ohio, a large proportion of the pile foundations were in clays and com- 


binations of clays, in which the heave at times amounted to as much as ~ 


3 ft. Many of the footings were supported by encased, cast-in-place, concrete 
piles, placed by driving a pipe or casing containing a core. On withdrawing 
the core, a corrugated iron pipe was placed in the casing and filled with 


concrete, after which the outer casing was withdrawn, leaving an annular | 


space of 1 in. around the corrugated iron pipe. On one occasion the 
corrugated iron pipe was ordered removed after the casing had been with- 
drawn. Due to unavoidable delay, the orders were not followed until a 
few hours when it ‘was found that the clay had gripped the corrugated 
iron pipe so tightly that it could not be removed without destroying it, 
illustrating perhaps the rebound of elastic material when the pressure 
is removed. For the same purpose Example 8 is given. 

Example 8—At Potomac Park, Washington, D. C., three test piles were 


driven in 1934. One was a composite pile with a steel-encased concrete © 


action section, 16 ft long, and a lower wooden section, 30 ft long. The 
second, driven 15 ft away, was a steel-encased, cast-in-place, concrete pile, 
58 feet long, and similar to those mentioned in Example 2. The third 
test pile was a standard, wooden, peeled pile, 52 ft long. They were each 
driven through 10 ft of hydraulic fill, 30 ft of Potomac River mud, and 
then, at 2 in. per blow for 3 ft and 1 in. per blow for 1 ft, tightening up to 
four blows per inch through the next 5 ft. 

The steel-encased, concrete pile had been provided with a steel center 
bar, 1 in. square, so that the pile could be subjected to an upward pull. 
On removing the casing, the usual 1-in. annular space was left. Static load 
tests were made on the three piles, so that several days elapsed before a 
pull test could be undertaken. Hydraulic jacks were used in pulling, which 
applied an upward pull of 47500 lb upon the 1-in. center bar before it 
parted. Deducting the weight of the pile, a net pull of 40000 ft had been 
applied, which was equivalent to a frictional resistance of at least 243 Ib 
per sq ft, giving an indication of the grip upon return of a very plastic soil. 

Clayish or fine-grained soils usually heave in some degree during 
driving, depending upon the water content and mixture with other soils. 


_After rest they regrip the pile with added resistances, at times amount- 


ing to as much as 2.5 times in 12 hr, and even 4 times in 24 hr. Whether 
the cause is attributed to the rebound of an elastic soil against the pile 
or to the readjustment of the internal structure of the soil after remoulding 
1s not as important as the facts themselves. Either explanation may be 


true at different times. 
Reactions or More Pervious Sorts 


The addition of sand or coarse-grained mud to soil combinations changes 
the results in a surprising fashion. Charles Terzaghi, M. Am. So. C. E., 


ae 
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refers (1(b) to the driving of piles in fine-grained saturated sand, and notes 


that the surface of the sand subsided 1 ft due to the driving. Victor A. End- 
ersby M. Am. Soc. C. E. (1(¢)) describes the driving of piles in sand to satis- 
factory resistance on one of his projects. The piles were allowed to rest 


until the following day. When driving was resumed, it was discovered 


that they had lost 40% of their bearing power. 
EHxzample 4.—During the construction of the extension of Concrete Pier 


No. 314, Navy Yard, Charleston, 8. C., under the supervision of the United 
States Bureau of Yards and Docks (5a), a number of 18-in., square, wooden, 


-test piles were driven through 10 ft of silt and into stiff blue mud, appar- 


ently quite coarse-grained. At from 48 ft to 57 ft the test piles developed 


a resistance to driving of 40 tons, soon thereafter “fetching up” at virtual 
refusal. After a rest of from 3 hr to 2 days, driving was resumed, showing 
'a marked. decrease in resistance. The decreases in specific cases were 


from 43 to 21 tons, 45 to 32 tons, 47 to 39 tons, and 89 tons to 25 tons. 
Example 5—The following, to much the same purpose, is reported by 

Lieut. J. N. Laycock, U. S. Corps of Engineers (4b): Four timber test 

piles 18 in. square and 80 ft long, were driven at Balboa, Canal Zone, 


through soft silt to — 28 ft to — 48 ft; then through fairly compact and uni- 
form blue clay, the blue clay extending well below the pile-points. With 
each of the four test piles, driving was suspended several times, the delays 
varying from a few minutes to overnight, and in every case of suspended 


driving, there occurred a loss of resistance. These losses varied from 3000 


Ib for Pile No. 1, for a 15-min delay, to 48000 lb out of 90000 lb for 
Pile No. 4 for an overnight delay. Such losses follow so closely those of the 


test piles driven at the Charleston Navy Yard that both soil combinations 


must have been very coarse-grained, comparing in reaction to a saturated 
sponge placed suddenly under compression. ' : 
Example 6.—At the Naval Supply Depot, United States Naval Operat- 
ing Base, San Diego, Calif. (5b), a number of concrete and wooden test 
piles were driven through 7 ft of soft plastic mud, carrying a small 
quantity of sand and shells. Beneath the mud lay strata of sandy clay and 
sand. A wooden test pile, 20 in. by 20 in. square, was driven to virtual 


refusal. The pile was allowed to rest 24 hr and driving was resumed. 
- Tn the first few inches of re-driving there was a decrease in resistance, 


but the pile was again driven to refusal, after the driving had progressed 
1 ft. It should be noted that Examples 4 and 5 referred to coarse- 
grained muds or more permeable materials. Example 6 refers to permeable 
sand and shells and impermeable mud, in which sufficient sand was present 


for the combination to act in a similar manner but in a lesser degree. 


point of the pile. The report states (5b) that “it consisted apparently of . 


eek 


yeit 


During the same tests at San Diego, an 18-in., precast, concrete pile 
was pulled, and brought up a natural shoe of compacted material on the 


samples of the various materials through which the pile had passed, and 
was as hard as, and had the appearance of, soft rock.” This phenomenon 


“is not uncommon, as it has been noted many times in the driving and 


pulling of test piles in sand and shells. The possible explanation is that 


=“) 3 Pee oo dL. 
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-a permeable saturated soil such as sand under pressure, loses its water 
‘content rapidly, and is consolidated quickly. Piles in saturated sand will — 
drive to virtual refusal, quickly forcing out the water in the sand immedi- — 
ately surrounding the pile-points and forming a bulb of solid material. 
The water in the sand surrounding the consolidated bulb having a means — 
of ready escape, the pressure will be quickly dissipated during rest. Fol-— 
lowing rest, the pile and its sand bulb having no longer high pressure to — 
work against, will drive with lessened resistance. Continued driving, how- — 
ever, accompanied by further consolidation, at length, brings the piles to - 
final refusal. 

Example 7.—Resort has been had to the artificial consolidation of soils 
for the support of structures since the dawn of history. The Egyptian sand 
pile has been, and still is, used successfully for this purpose in many parts 
of the world. This pile consists in driving a hole in the ground, filling it — 
with sand, and tamping the sand to refusal. This process provides a satis- — 
factory foundation, provided the soil can be consolidated. For example, into 
the sub-soils beneath the Federal Legislative Palace, in the City of Mexico, 
Mexico (6), consisting of an extremely unreliable mixture of volcanic ejec- 
tions and alluvial matter, were driven 150000 sand piles, 8 in. in diameter 
on 20-in. centers. The displacement of the piles could have caused a heave 
of 5 ft, if no consolidation had occurred. As the heave averaged only 1 ft, — 
however, consolidation in the amount of four-fifths of the displacement had — 
taken place. However, when water cannot quickly be lost from fine-grained 
impermeable soils under quickly applied pressure, very little if any consolida- — 
tion occurs. Increase in soil pressures, due to the driving of piles, may 
be temporary, whereas consolidation of the soil is of permanent value in 
increasing bearing power. It must be obvious, therefore, that the driving of 
piles in moist to wet soils that cannot be consolidated for a long time leads 
to uncertain results. : 


Sxin Friction 


» Perhaps no factor in the design of pile foundations has been as ‘fruitful 
of foundation troubles as skin-friction values and their relation to the prob- 
lem. Offering no ready-made solution or convenient tabulation that will 
apply to all conditions, the attempt will be made to indicate by illustration 
the wide range of values that may be secured and the reasons why the 
assumptions are of such small use. ' 
In the absence of better information, engineers have been forced to 
use the best data available. The friction between pile and soil has often 
been computed from the results of static load tests, deducting assumed 
point resistances with no allowance made for temporary soil pressures. 
Much better than the average of published data are the values shown 
in Table 3. It can be seen that: Either the soil terms are not clear ; the 
point-resistance deductions may have been in error ; temporary soil pressures 
may have affected the result; or, perhaps, the surfaces of the piles themselves 


have been important factors; for example, compare Items Nos. 1 and 2 of 
Table 3, both of which are for soft blue clay. 


. 
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_ Example 8—Exhaustive tests were conducted by the Whangpoo Con- 


servancy Board during the Shanghai Harbor investigation in China, in 
1920-1921 (8). The friction value (in pounds per square foot) of blue clay 
at that time was reported variously, as follows: 


sag ete Lonel OuetiMes yore a ti. + skekacueveverers sce os usroe-¢ 340 
Orr eter oll neo Oma Ga lOm eres leaner s oo Lisienticts ta clay eves te 360 
‘Round Wouglassirepiles4o.1b long... e... 6 4. se es 650 


Rough-surfaced concrete pedestal pile, 383 ft long.. 650 


~The report also indicates a slight decrease in skin friction for the longer 
‘piles and an increase of 10% in friction values during the subsequent twelve 


months. 
TABLE 3.—Vatues or Skin FRICTION 
“Item , Friction value, Point 
No. Soil in pounds per resistance Location 
square foot deducted 
HERSOLb DIG CLAY: 4). «<1. canoe e's aie aievsus = 1 850 No Hull, England 
Bulesort blue Clays dade dsieleneie es as 740 Yes Portland, Me. 
SM SOLETINUCAY CLAY «sic sieaphawic-s Wiel ars 370 Yes Tunis, Algeria 
4 | Mud. sand, and clay............. 370 Yes Proctorville, La. 
PESONG OLAY so )cr-0 ol < Due lecald sep ouwrsraenleys 295 No Rhine Valley, Germany 
BMIBSOlIAUG Lo thes cule oat so hearse « 130 No Rhine Valley, Germany 
Pam INTL es se fetes scteyscatedius feu celal wale = 130 Yes , 17th Street and North 
River, New York, N. Y. 

8 | Silty microscopic sand............ 130 to 900 No Shanghai, China 
MENU THUG: sets... die eS ealeiaite ie ewes 90 Yes * Aguia Creek, Va. 


* 15 per cent. 


Example 9.—In 1933, in connection with the Sewerage and Sewage Dis- 


posal Plant program in Columbus, Ohio (9a), it was decided to drive precast 


concrete piles and to test for uplift. Hight piles, 15 ft and 20 ft long, were 
driven through loam, clay, sand, and gravel. Ground-water level was quite 


“near the surface. The eight piles were pulled with the following results: 


Frictional resistance, 


Depth below the in pounds 
Piles ground, in feet per square foot 
een te By Sis Grates > Ths pa 538 
OO MAIN LGA! sae is wr siay ss ety 14 557 
BO pL Sake, wav ercisls en's 19 613 
Average of eight piles........ 16 582 


Evidently, the skin friction had been increased with depth in contrast to 


the results reported by the Whangpoo Conservancy Board (see Example 8). 


Example 10.—Pull tests were also made for the Water Supply and Filtra- 


tion Plant, at Fort Wayne, Ind. (4c); 4600 conical concrete piles, averaging 


16.8 ft in length being driven through dark yellow clay, fine sand, and 


coarse sand. Later, five piles were subjected to pull tests with hydraulic jacks. 


~The friction value developed by these pull tests, averaged 755 lb per sq ft 


for steel on clay, fine sand, and coarse.,sand. 


Example 11—The sinking of edissons in the underpinning of the Naval 


PAircraft Building, at the League Island Navy Yard, Philadelphia, Pa., also 


3 
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developed data contrary to that furnished by the tests at Shanghai as to the 
relation of friction values to length of piles. Records were kept by 
the U. S. Bureau of Yards and Docks of the pressures necessary to move the 
caissons at various depths. The caissons penetrated silt and sand to gravel 
and cobble at 50 ft to 60 ft. Making allowance for the upward pressure of the 
air, it was found that the pressure necessary to move the caissons plotted in 
nearly a straight line for the upper depths and then tended to a flattened 
parabola for the lower depths. The friction values increased from 100 lb 
per sq ft at a 15-ft depth to 305 Ib per sq ft at a 60-ft depth. 

Example 12.—To illustrate the relative skin-friction values of rough and 
smooth pile surfaces, if may be interesting to compare the results of the load 
test on Pile No. 6 of Group B, Example 1, with those made on the precast con- 
crete piles that ultimately became a part of the building foundation. The 
precast piles were 133 in. in diameter and cylindrical in shape. Eleven of them 
. scattered in the vicinity of Group B were test loaded. These precast piles (of 
12.6-ft average length, for a settlement of ¢ in.) were supporting loads averag- 

ing 31 tons. An exact comparison cannot be made with the settlements of #2 
in. used in connection with the piles in Group B. However, zz in. is close 
enough for reasonable comparison. Since the point-bearing area of the 
precast pile was approximately equal to that of the bulbless Pile No. 6, 
Group B, it would appear that the friction values of the precast piles were 

equal to 34 times that of the rough-surfaced bulbless pile in the same soil. 

For the same purpose it should be added that a part of the Potomac 
Park tests (Example 3) consisted in test loading both the wood pile and the 
corrugated encased concrete pile described. The wood pile failed at a test 
load of 32 tons whereas the concrete pile stood successfully a test load of 45 
tons, indicating that the surface and perhaps the shape of the pile are 
important factors. 

Summary.—Skin friction cannot be assumed as a factor that in itself 
supports a structure, but rather as the means of spreading the load to the~ 
strata below the pile points. Knowledge of friction values, therefore, «is : 
of use in determining the bearing value of the pile and surrounding soil 
and whether or not the soil below the pile points is overloaded due to con- 
centration. 

Friction values may be affected by variation in the soils, combinations 
of several soils, variation in water content, the length and surface of the f 
pile, and the time that has elapsed since driving. It must be evident, there- — 
fore, that any tabulation of friction values that is intended to cover all 

; possible conditions must be accepted with reservations. Dependable results — 
can be secured by the driving of test piles of the type selected and by pull t 
| ee a a lapse of time. This delay will be discussed herein under the ; 
) ea tee ak eee! Capacity and Static Load Tests.” The results are — 
oe) equally va uable when, as occasionally happens, the shearing strength of the 

A soil, and not the pile surface, is the vital factor because if the former 
is the case the pile surface must be sufficiently rough. If the pile surface is 

the vital factor a pile with a rougher surface can be selected. 


a 
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Loap-Carrying Capacity AND Sratic Loap Trsts 


There appears to be general agreement that the dynamic pile-driving 
formulas give only approximations of the carrying capacities of piles under 
static loads when driven in fine-grained impervious soils, but that the formulas 
‘aie reasonably accurate when the piles are driven in sand or other pervious 
soils. As to the dependence generally placed upon the results of static load 
tests upon single piles, the results thus obtained are unreliable indications 
of what may be expected of the group or mat, of which the single pile forms , 
apart. This applies, however, only to piles driven on close centers or in fine- | 


grained impervious clayish soils. To illustrate how static load tests on 
‘single piles may mislead the engineer, a few examples will suffice. 


Example 13.—The piles described as Group A in Example 1, were sub- 
jected to a final static load test of 250 tons, and Pile No. 5, of Group B, was 


“loaded to 70 tons (see Fig. 1). Group A was loaded to 125 tons for 24 hr. 


“The load was then increased to 250 tons, and allowed to remain for 5 
‘days. The settlement was #2 in. Pile No. 5, Group B, was test loaded to 25 
tons for 24 hr, to 50 tons for another 24 hr, to 62 tons for 36 hr, and to 
70 tons for 24 hr, with a total settlement of 4 in. (see Fig 3). Ata settle- 


“ment of s: in., the piles of Group A were carrying an average of 38 tons each, 


and Pile No. 5, Group B, was carrying 62 tons. 


p 


w 


np 


Settlement, in Thirty-Seconds of an Inch 


0 10 20 30 40 50 60 70 


Test Loads, in Tons per Pile 


Fic. 3—-CoMPARATIVE LOAD-SETTLEMENT CuRVES; TESTS OF PILES 
SHOWN ON Fie. 1. 


Comparative static load tests between single piles and groups of piles 
are very rare, due to the expense of making the tests and the speed usually 


“demanded. In the absence of additional test results, the engineer must use 


the best information available bearing on the subject. 
Example 14.—In 1918 and 1919, concrete piles to the number of 411, 


averaging 17.7 ft in length, of the compressed concrete pedestal type, were 


1068 ; SOIL REACTIONS Papers f 


driven for an industrial building of the Texas Oil Company, at Providence, 
R. I. There are no records of the borings taken. The driving record indi- 
cates that the piles should develop, according to the Engineering News for- 
mula, from 41 tons to 83 tons, the average being 53 tons each. The structure 
was designed for a final loading on the piles of 30 tons each. Static load 
tests of 45 tons were applied for 24 hr on one pile of a group and on an 
isolated pile. The test results’ showed practically no settlement. There 
seems to have been no trouble with the piles themselves, but check levels 
taken on the completed structure since 1925 showed a settlement of from 
1,75) in. to. 3.75 in. 
. Example 15.—For the grain elevator at Portland, Ore. (4d), fourteen 
wooden test piles were driven, well distributed over the construction area. 
These test piles as well as the permanent wooden piles were driven to a 
resistance of 25 tons (as determined by the Engineering News formula) 
through soil of considerably fluidity, to — 41 ft, the elevation of the pile- 
points. One test pile at the southeast corner of the Storage Annex was 
satisfactorily load tested to 40 tons. The foundation consisted of a 3-ft | 
concrete mat cast upon the wooden piles, which were spaced 2.5 ft center 
to center. During construction, marked settlement was noted, and when 
the load per pile, under the Storage Annex, had reached 9 tons, the building 
had settled 1.96 ft at the northeast corner, 0.76 ft at the southwest corner, 
1.4 ft at the southeast corner, and 1.72 ft at the northeast corner, in spite 
of the fact that the test pile near the southeast corner had supported + 
40-ton test load satisfactorily. 

One of the most important factors contributing to the misleading resus 
often secured in the test loading of single friction piles is disregard of 
the time of testing. The common practice is to test-load single piles to the 
design load plus from 50 to 100%, the loads resting upon the piles from 
24 to 48 hr, or perhaps longer, when the settlement is measured. If the 
settlement does not exceed the maximum (often specified as 0.01 in. per ton 
of load applied), the tests are accepted as satisfactory. Such results, how- 
ever, may vary widely from the final value of the piles, as great changes 
often occur in the soils subsequent to the load tests. i} 

If the piles are driven in a saturated pervious soil, where losses in 
resistance may reach 40% during the subsequent 24 hr, it follows that n 
static load tests should be made upon the piles until several days have 
elapsed. On the other hand if the piles have been driven in an imperviou 
soil that heaves during driving, where increases in resistance may amount 
to several times the original value during the 30 days or more that follo 
driving, it seems useless to make static load tests upon the pile during tha 
time. The problem, however, is not quite as simple as the foregoing implies. 
because piles often penetrate several types of soils, in which both “heave’ 
and consolidation may occur. As boring data are not always sufficientl 
accurate guides, it would seem best when there is uncertainty to consider th 
soils as impervious and to test-load accordingly. In addition, if the test-load- 


ing of single piles were replaced by a group test loading, beneficial result 
would follow. 


ee 
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(2 Spacine For Friction Pines 


é The correct spacing of piles is of importance for two reasons: (1) For 
east-in-place concrete piles too close spacing in some soils is likely to cause 
distortion in the partly set concrete of contiguous piles if the driving is 
carried in rows continuously; and (2) for friction piles the correct spacing 
of a group or mat allows for the maximum load-carrying capacity of each 
vile. Under such conditions the pile and the surrounding soil are acting 
as a unit. 
_ Numerous examples could be given of the distortion of cast-in-place 
concrete piles driven in different soils and with different spacing, if the 
information would be of any value. There appears to be no basis, however, 
for the derivation of formulas to cover the proper spacing of piles in rela- 
tion to length, diameter, and soil conditions, in order to prevent distortion. 
However the simple device of driving alternate rows and reforming over the 
ame ground to complete the unfinished rows is successful in preventing 
distortion and cracking if sufficient time has elapsed. 

Reference has been made herein to the work of the Whangpoo Conserv- 
ancy Board (8) in soil investigation and pile tests. .Mr. H. F. Meyer, 
commenting on the Shanghai findings states (9): 


_ “As soon as two piles are so near each other that the two volumes of 
influence cut into each other, the question becomes more complicated. The 
size of the affected prism of soil is so large that, in all ordinary cases under 
a footing or a foundation, they will overlap. The soil will thus be under 
greater pressure than when only a single pile is involved, the angle of friction 
will be smaller and the skin friction of the piles will decrease. By spacing 
the piles nearer than the spacing as given by the formula (developed by the 
Whangpoo Conservancy Board) no additional safety against settlement is 
gained, and the builder who has carefully test loaded every single pile and 
found that they would sink only } inch for a load of 400 lb per square foot 
skin friction on their surface, will, to his astonishment, observe that his 
whole densely piled building settled more than a foot when completed, in 
spite of the fact that the piles are not nearly loaded up to their ‘full capacity’. 
The distance from center to center of the friction piles driven next to each 
other, should never be less than half the circumference of one pile, if the 
whole friction area is to be utilized; the two piles, taken as one unit, will 
then present the same friction surface as would each of the two piles 
individually added together. If there are more than two piles, the circum- 
ference of the whole cluster of piles, should be bigger than or equal to the 
sum of the circumference of the individual piles in the cluster. The same 
should apply to any part of a cluster. Thus, in case of a rectangular founda- 
tion with equal distances between piles, and all piles square, and of the same 
size with sides 12”, the length of the entire foundation being ‘A’ and the 
width of same ‘B’, the distance ‘Z’ between piles will thus become: A and B 
2107;7=4.5/:A and B=107;7 =11.1;A4 =:100' 2B =) 40% Zac Re 


Such spacing is apparently intended for use only in the plastic clay 
to be found in Shanghai. Even in that soil, it appears to be sketchy indeed 
to engineers in the United States. On the other hand, the average spacing 
for friction piles used in the United States as discussed under the heading, 
“Average Practice”, would appear to be the other extreme. 


¢ 


oy 


- 
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The transmittal of the load in part through friction tends to spread itt 
upon the sub-soil and, therefore, has an important relation to pile-spacing and] 
bearing power. If the spacing of the piles is such that the distribution off 
the load through skin friction to the sub-soil is uniform, the result is a “block« 
load”, and the piles and the soil surrounding them are acting as ai 
unit. Obviously, the pile which (through side thrust or the roughness of thes 
surface) transmits the largest percentage of the load to the surrounding » 
sub-soil, will develop the least concentration of load under the point. Such) 
piles, therefore, may be over-spaced and still act as a unit with the soil. 

If the characteristics of the different soil strata that lie beneath the site» 
are known, Boussinesq’s analysis can be used with variations for the deter-- 
mination of the distribution of pressures to the sub-soils. Having solved! 
for the pressure distribution on the crucial stratum, the proper spacing of! 
the piles can be computed for uniform distribution of pressure. Although) 
this practice would be a great improvement over some of the “hit-or-miss” ’ 
methods, it is believed that in the hands of the inexperienced foundation | 
engineer an actual test by means of driven and test-loaded groups of piles} 
would be a more reliable method for securing this information. 

Any group test intended for use in effecting uniform settlement in a pile: 
foundation must cover such different conditions as changes of soil on the} 
site and the difference in size and shape of the pile foundations. 

Whether one or more group tests are made, the first step is a thorough | 
exploration of the sub-soils by the use of core borings. From this informa-. 
tion approximate pile lengths and the type of pile to be used can be selected. 
A test group can then be driven on centers preferably of two pile diameters 
and arranged so that the same loading platform can be used for the test 
loading of piles on centers of two diameters, four diameters, and for single 
piles. 

To allow for the readjustment of the internal structure of the soil, the 
piles should rest after driving from a few to thirty days, depending upon 
the character of the soil. If, after the rest period, a single pile is test loaded 
by increments, followed by the test load of the piles on four diameters and, 
finally, by the test loading of the piles on two diameters with the settlements 
recorded as the increments of load are applied, data may be had that will 
indicate the carrying capacities of the piles of a mat, the diameters, and the 
spacing for an assumed settlement. 

The fact that so many foundation settlements are dish-shaped indicates 
that the spacing between the piles toward the perimeter may be farther apart 
than the spacing toward the center of the structure. Without doubt an 
answer will be found to this part of the problem similar to that used in the 
design of the foundations (6) for the Federal Legislative Palace, in the City 
of Mexico (Example 7), in which Boussinesq’s suggestions were followed in 
the plotting of an ellipse, the ordinates of which represent soil pressures at 
any given point. ; 

Experience indicates that the expense of preliminary work for the analysis 
of soils, pile types, and economical spacing, will usually effect a sufficient 


| saving in the first and later costs, to more than justify the expense. This is 


; 
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particularly true of large foundation projects. It should be added, further- 
more, that by using satisfactory load tests, the dynamic pile-driving formulas 
an be useful in selecting pile lengths and in comparing varying soil condi- 
ions. It need no longer be the “yardstick” for measuring bearing capacities, 
pon which so much has always depended. 


Some Pine Founpation SETTLEMENTS AND THE OAusEs 


The intention in selecting examples of settlement of structures on pile 
oundations has been to present the case fairly from available records. It 
must be freely admitted, however, that all foundation settlements are not due 
to the use of friction piles in plastic soils, as might be inferred from the 
following examples. 

End bearing piles driven to hard sub-strata act as columns and may be 
mited only to the bearing capacity of the sub-strata and the pile itself. 
However, at times the weakest link may be'the column, because some of the 
giles may be overdriven, or cast-in-place concrete piles may, at times, be 
deformed or even pinched off. Local settlement on a pile or cluster may 
occur, but the records of such settlement are difficult to secure. Besides, 
njury to piles in placing is usually due to poor planning and supervision 
and is avoidable. 

The following statement would appear to be a fair interpretation of the 
undamental thought of the publications of Edmund A. Prentis and Lazarus 
White, Members, Am. Soc. CO. E. (11): “It would seem elementary to state 
hat each horizontal stratum has to support the total load above, including 
the overlying strata and the structures erected thereon.” In the case of a 
vile foundation it is equally true that the soil strata below the pile-points must 
support the loads placed upon them, or settlement, and possibly failure, will 
follow. This principle is so fundamental and so clearly sensible that even 
he layman should be able to understand it. It would appear from the 
examples that follow, however, that this simple axiom is not generally recog- 
nized. 

; Most of the foundation settlements that will be described, fall into one 
main group, the causes and conditions of which are nearly identical. Per- 
haps the most common has followed the making of new land by filling in an , 
old lake, swamp, or slough with a very soft bottom. Often the conditions 
that existed before filling, have been completely forgotten. When, years 
afterward, it is proposed to erect a structure upon the filled land, exploratory 
borings may or may not be taken. If piles are decided upon and are not 
driven through the compressible stratum at the bottom, or if spread-footings 
are used, settlement often results corresponding to the depth and compres- 
sibility of the soft stratum below the points of application of the loads. 
Later, when a complete survey of sub-surface conditions is made, the cause 
of the trouble is only too apparent. With this in mind, note the recurrence 
time after time of compressible sub-soils and particularly peat in the following 
sxamples. 

Example 16.—For a great steel structure built not so many years ago, 
» ereosoted timber bulkhead was driven in a bay. An hydraulic dredge 
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filled the area contained within the bulkhead with sand to a depth of 
approximately 20 ft. About 500 ft away, a structure somewhat similar to the 
one proposed had been in operation for a number of years, and no appreciable 
settlement had occurred. Apparently, soil conditions on the site of the 
proposed structure were identical with those of the older structure and, 
therefore, no preliminary soil explorations were made. As a part of the 
inshore foundations, pedestal footings were planned, each to rest on 
twenty-one wooden piles, 40 ft long, carrying 15 tons each. These piles 
were to be driven into the hydraulic sand fill mentioned. 

The pile-driving began, and apparently satisfactory results were being 
secured, as measured by the Engineering News formula. The engineer in ~ 
charge, however, felt something to be wrong and increased the number of — 
piles and the lengths from 40 to 45 ft, then to 50 ft, and, finally, to 60 ft. 
The conerete for the pedestal foundations was poured, and shortly before the 
time for erecting the steel upon the pedestals, the tops were checked for 
elevation. It was seen at once that instead of bush-hammering, some of 


the pedestal tops were an inch or more below elevation, indicating settlement. ~ 


Upon rechecking, it was found that during the following weeks, the same — 
pedestals, even without load, had continued to settle at an alarming rate. 

Test borings were taken, the results of which will be seen in Fig. 4. 
The cause of the trouble was obvious at once. The heavy sand fill had been 
placed upon sand, underlaid by very compressible soils. The piles were 
driven through the sand fill and the original sand, and developed the required 
resistance. However, inasmuch as the piles did not penetrate through the 
compressible soils and into the substantial strata beneath them, the added 
weight of the new fill caused settlement and the piles, of course, settled with 
the fill. 

The steel superstructure was erected, although the pedestals continued 
to settle, compensation being made by means of driving steel wedges and 
placing plates under the column shoes. The settlements of the several 
foundations will be seen by referring to Fig. 5. However, after some months 
devoted to a close study of the problem, it became evident that the incre- 
ments of settlement were decreasing and that, without corrective measures, 
settlement would finally cease. . ’ 

If the plotting of the soil strata (Fig. 4) can be assumed as correct 
between the points at which test borings were taken, and if the settlement 
is assumed to be proportional to the thickness and compressibility of the 
strata beneath the pile-points, very little, if any, settlement might be antici- 
pated in Foundations 95, S10, S11, N5, and N11. By the-same reasoning 
the maximum settlement might be predicted in Foundation N’ 10, diminishing 
in the following order: 87, S86, N9, 98, 89, N%, N6, and N8, which is very 
close to what occurred. 

It should be added that any type of pile that did not reach the stratum 
described as “sandy marl”, under the compressible peat, sand and peat, sand 
and mud, etc., would have proved as ineffective as did the wooden piles. 
Had the test borings been taken before construction, longer wooden piles would ~ 
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have been used at an additional cost that would have been smal] com- 
pared to the several millions of dollars spent on the project. 
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Fic. 5.—SETTLEMENT History, EXAMPLE 18. 


Example 17.—During the rush construction period of 1917, an 11-story 
concrete warehouse was erected in the Brooklyn, N. Y., Navy Yard (5c). Due 
to the speed demanded, there was no time for sub-surface exploration. Piles 
were driven for the foundation from 10 ft to 84 ft in length into a fill over 
an old marsh. During the erection of the building, serious settlement 
occurred, which continued after completion. Subsequent investigation 
showed a stratum of peat 1 ft to 7 ft in thickness, at a depth of 30 ft to 40 ft 
below the surface, subjected to a load of approximately 35 lb per sq in. 
Tests on sample cubes of the peat gave a compression of 35% for this load. 
As such a condition is obviously disastrous, a part of the foundation was 
underpinned with steel pipe piles, filled with concrete. It is scarcely neces- 
sary to emphasize that had the times been normal, test borings would have 
been taken before construction, and piles would have been selected of suffi- 
cient length to reach good bearing below the compressible peat. 

Example 18—The original borings for the 12-story building of the West- 
inghouse Company, in Philadelphia, Pa. (4e) showed 8 ft to 10 ft of fill 
underlaid by uniform clay and sand to rock at 45 ft. Conical concrete piles, 
25 to 80 ft long, were driven. Before the building was completed, settlement 
was noted. Investigation then disclosed that the soils were composed of 
27 ft of loose fill, 4 ft of peat, 1 ft of gravel, 15 ft of silted peat, 8 ft 
of silt, and 2 ft of sand and gravel on hard mica schist. However, the strata 
were not uniform in thickness and the compressible peat lay mostly under 
the east side of the building, where 4 in. of settlement occurred. The west 


. 
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side of the building did not settle, again demonstrating that the thickness of 
the compressible sub-soils corresponds to the settlement. There appears to be 
‘but one answer to such a problem—underpinning. It appears certain, how- 
“ever, that if dependable test borings had been taken before construction, 
and the piles driven to the same bearing reached by the underpinning, no 
settlement would have occurred, and considerable money would have been 
saved. 

Example 19—At the League Island Navy Yard, in Philadelphia (5d), 
during the rush of the World War, two projects were constructed on concrete 
piles under fairly similar conditions as to soil. In one case, conical, cast-in- 
place concrete piles were used, and, in the other, the straight shaft, com- 
pressed, uncased, cast-in-place concrete pile with a bulb at the bottom. This 
Navy Yard is situated at the west end of the Horse Shoe Bend of the Dela- 

“ware River. The eastern part of the reservation has been built up by an 
alluvial deposit of river silt and organic matter overlying an earlier deposit 
of coarse sand, gravel, and cobble. The sub-soil formations under the two 
structures, a concrete storehouse and a 175-ft chimney for the Naval Aircraft 
Factory, are described as follows: For the storehouse six borings showed 
silt to a depth from 85 ft to 55 ft below mean low water. Sand and gravel 
were found under the silt, sloping from a high point at the northwest corner 
of the building to the low point at the southeast corner (see Fig. 6(a)). For 
the stack, the sub-soils correspond roughly, except that the compressible silt 
is deeper under the stack than under the storehouse. 


110 109 108 107 104 107 0! 
180 Ft + K 180 Ft —>| 
(@ CONTOURS OF TOTAL SETTLEMENT, (b) CAISSON IDENTIFICATION AND 
TO FEB. 1922 (CONTOUR INTERVAL. 0.1 FT) ANTICIPATED BOTTOM CONTOURS 


Fig. 6.—AIRCRAFT STOREHOUSD, U. §. Navy YARD, PHILADELPHIA, PAS 


The storehouse is a six-story concrete building, divided into ten bays, 
east and west, and nine bays north and south. Under the column footings, 
cast-in-place conical concrete piles, 30 ft long, were driven, designed to 
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carry 30 tons each. In driving these piles, only a smal] number were 
driven to a 1esistance corresponding to that required by the design. It was 
discovered, however, that the resistance increased considerably after rest, and 
as this factor has been the salvation of many projects under apparently 
similar conditions, construction was continued, 

In June, 1918, load tests on one pier, equivalent to that required by the 
design, were made. The pier settled 3 in. in 45 days, but the increments of. 
settlement decreased rapidly after the first week. Check levels were taken 
weekly on all the columns during construction, which showed decreasing 
increments of settlement, even though the column loads were increasing as 
construction progressed. 3 

Several months after completion, settlement cracks appeared in each floor. 
In January, 1919, the total settlement varied from 6 in. to 16 in., correspond- 
ing to the depth of the compressible silt below the pile-points, modified by 
the characteristic cup-shaped settlement. Note the similarity of the contours 
of Fig. 6(a) relating to settlement and Fig. 6(b) referring to depth of com- 
pressible material. | 

The storehouse was subsequently underpinned successfully, but, of — 
course, at considerable cost. Had war conditions not existed, and had there 
been an ample supply, wooden piles of sufficient length to reach into the 
sand and gravel undoubtedly would have been used. 

Example 20.—During the same period the 175-ft chimney was constructed. 
The foundation rested upon 64 cast-in-place, uncased concrete piles, 36 ft 
long, with a bulb at the bottom. The penetration of the piles during driving 
was steady, and the resistances, according to the Hngineering News formula, 
indicated an average safe load of 130 tons. ‘ 

The foundation of the chimney was built in 1918. In October, 1919, — 
settlement was detected through the leaning of the chimney toward the 
power house on the north. The angle of leaning was reported as 9 on 1. 
Records of the increments of settlement showed that they were decreasing — 
and that the movement would cease in time, if the structure were left 
alone. However, corrective measures were undertaken, consisting of the ; 
construction of a concrete ring foundation on 71 wooden piles, designed to . 
carry 15 tons each, but driven to solid bottom through the compressible silt. 

Example 21.—The settlement of the new Navy Building, at Washington, | 
D. ©. (5e) is another example of the use of piles too short to reach a sub- — 
stratum of sufficient bearing power to carry the loads. Conical concrete piles 
were driven through a recent fill over an old marsh. Upon the piles a head- 
house was constructed 200 ft in length, with rear wings. It settled a 
maximum of 4 in. The loads on the piles at the face and under the interior 
piers are reported as conservative, but subsequent analysis showed that where 
the wings meet the head-house, the piles under the piers were overloaded. 
The piers did not settle most, however. The greatest settlement occurred 
in the area of the greatest depth of fill where the settling of the fill itself 
carried down with it, the piles and the structure. 

Example 22.—In 1905 an armory was built in Minneapolis, Minn. (4f). 
The site originally had been swampy ground, reclaimed by filling with sand 


~ 
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and gravel, so that, at the time construction began, the soils from the surface 


“downward consisted of 15 to 20 ft of sand and gravel fill, 6 in. to 41 ft of 
mud on sand and gravel, with ground-water level at 1.5 ft below the pile 


“eut-offs. Wooden piles 30 to 40 ft long were driven for the building, 189 ft 
by 218 ft, and some of them passed through the sand and gravel fill and 
‘through the mud into the hard sand and gravel sub-stratum. This was the case 


at the southeast corner. At the northwest corner, however, although the 
piles were driven through the sand and gravel fill and into the mud stratum, 
there was perhaps 10 ft or more of mud between the pile-points and the 
solid sand and gravel. A fairly good picture of sub-soil conditions may be had 
from the settlements that occurred over a period of several years. The south- 
east corner settled not at all, the southwest corner, 3 in., the northeast corner, 
0.5 in., and the northwest corner, 37.5 in. As such unequal settlements are 
disastrous, in 1913 the west side of the building was condemned. It is 
probable that if test borings had been taken before construction began, and 


some extra money spent for longer piles, nothing would ever have been heard 
of the settling of the Minneapolis Armory. 


Example 23—The factory buildings of the Jurgens Oil Mill Works 
between the River Maas and the Dike at Zwyndrecht, Holland, were con- 
structed on made land, consisting of sand fill, hydraulically placed. In 1915, 
the Jurgens Margarine Company (12) decided to erect on the site an oil mill 
to contain heavy machinery, tanks, etc. Since it was evident that piles would 
be necessary, test piles, 20 m (65.6 ft) long, were driven. The piles were 


driven to a resistance of 30 blows for the last 30 em (11.8 in.), or theoreti- 


cally, to a static load equivalent to 50 tons per pile. Inasmuch as the piles 
were to be loaded to only 5 tons each, there was apparently a factor of safety 


of 10. Creosoted wooden piles, 20 m (65.6 ft) long were driven. In fact, 


it appears from the accounts that longer piles could not have been placed 
under continuous driving, as they erushed at the heads under the driving 
resistance of 30 blows for the last 80 cm (11.8 in.). The soils through which 
the piles were driven were saturated and consisted of 4.5 m (14.8 ft) of sand 


' fill, 18 m. (42.7 ft) of peat and some clay, and 5 m (16.7 ft) of fine sand on 


coarse sand and gravel. From this, it may be seen that the pile-points 


reached into, but did not penetrate, the stratum of fine saturated sand, and 


fell short of the substantial stratum of coarse sand and gravel. Had the 


- piles’ been allowed a period of rest and had driving been resumed, it appears 


probable that longer piles might have been driven farther and into the sand 


and gravel. 


ue 


In 1916, the factory was completed, and by 1920 the Oil Hardening 
Building had settled so badly that collapse was threatened. Near the center, 


the structure had settled 70 cm (27.6 in.). For most of the building the load 


per pile did not exceed 3 tons although, under the tower and tank, the 
loads per pile were as great as 48 tons. The external loading on the piles, 
however, must have had little to do with the settlement, as the maximum did 
not occur where the piles carried the heaviest external loads. In fact, the 
piles under an extension of the floor outside the building, carrying almost no 
loads, settled in the same manner. 
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The engineering report contained the statement that the hydraulic sand] 
fill, with its high friction value, was settling into the bed of 17 m (55.8 ft) | 
of compressible peat and clay. By its grip upon the piles the fill was push- - 
ing them through the peat of comparatively low friction value, and thrusting; 
the points farther into the bed of 5 m (16.4 ft) of saturated fine sand whichi 
was incapable of carrying the loads. The load of the hydraulic sand fill was: 
estimated at 15 tons per pile, which still would have left an ample factor ' 
of safety, had the dynamic pile-driving formula been of any value. 


ConcLUSION 


In the past, the design of pile foundations in plastic soils has, in the 
main, followed standards that do not take into consideration all of the many 
factors involved in these complicated problems. Although most of the 
serious settlements of foundations on piles have taken place in plastic soils 
even there the results have, in the large majority of cases, been surprisingly 
successful. At times, however, foundation settlements occur that are very 
expensive to the owner and are no credit to either the architect or contractor. 

Even when the best of core borings have been taken, classification and 
predictions as to reactions of soils on sight by the average engineer is 
extremely difficult, if not impossible. Soils into which piles are driven range 
from those that heave and do not consolidate easily to those that subside and 
consolidate almost at once. Within this broad range occur mixtures and 
combinations in infinite variety, the reactions of which are further com- 
plicated by variations in the water content. Physical analyses of course, 
can develop the nature of the soils and the proper classification can be made, 
from which experience can usually predict the result. For the average or 
inexperienced foundation engineer, however, a more reliable answer can be 
had from a combination of core borings and pile-driving and loading tests in 
the field. } 

The engineer who depends upon some convenient tabulation of friction 
values, who expects a static test load upon a single pile multiplied by the 
number of piles in his foundation to equal the total load-carrying capacity. 
who relies upon the results of static load tests made too soon after driving, 
or who places complete dependence upon the Engineering News formula under 
all conditions, may be not a little surprised, at times, at the results. 

Standard pile spacing as accepted in the United States is usually too 
close for the loads applied upon them when the piles are driven in plastic © 
soils. If the proper spacing is used corresponding to the length, size, shape, 
roughness of the pile surface, load, and the soil characteristics, greater loads : 
can be placed upon the piles with less settlement. Mathematical analyses 
for pile spacing and the distribution of loads to sub-strata would undoubtedly 
be an improvement over the usual practices; but group test loadings approxi- 
mating the conditions of construction and final soil consolidation should 
prove more dependable. When this is done, the dynamic formulas may be 
regulated to a position of secondary importance. 
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_* Had a sufficient number of borings been taken over the sites, and had the 
borings been accompanied by clear descriptions of the sub-soils, it is reason- 
ably certain that only a few of the foundation settlements described in this 


“paper would have occurred, since the piles in most cases would have been 
“driven to virtual refusal upon satisfactory sub-strata. However, where the 
piles have been driven short of sub-strata on the theory that friction piles 
would support a structure in spite of overloaded compressible strata beneath, 
it can only be stated that such a saving in first cost is very expensive. If 


any of the compressible strata are suspected of being peat, or combinations of 
peat, and the peat bed is of appreciable thickness, disregard of such a warn- 


ing is to invite disaster. 


Reliable core borings should always be made in sufficient number to 
disclose the nature of the sub-soils beneath the entire site. When it is 


} discovered that that strata upon which the pile points are to rest are per- 


i haps insufficient to carry the loads to be placed upon them, thorough analyses 
and pile-driving and loading tests should be made. In a word, convenient 


tabulations of values or standards should be viewed with distrust, because 
each pile foundation presents a new problem. No two are exactly alike. 
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DISCUSSIONS: 


SIMPLIFIED METHOD OF DETERMINING TRUE 
BEARINGS OF A LINE 


Discussion 


Pep y PHiLiPal., INCH, Assoc. M. Al—Soc. ‘CG. \E; 


Pum L. Incu,” Assoc. M. Am. Soo. OC. E. (by letter "The intent 
and purpose of Table 1 was to enable an engineer to obtain a meridian, 
within a limit of 1’ of accuracy in azimuth, with the least inconvenience 
or preparatory study, ever bearing in mind that thousands of surveyors 


are not equipped educationally to cope with trigonometric formulas, 


logarithms, etc.; nor are computing machines generally available. Although 


the discussion has revealed little on the subject of the form of ‘the table, the 


writer believes that the methods discussed have enriched the general 


_ knowledge of the subject. 


NE 


The writer approves the suggestion to eliminate the use of Greek 
symbols, however familiar they may be; he agrees that less confusion will 
result. 

As to star observations: To observe the upper or lower culmination 
of Polaris, or to determine a meridian by an hour-angle observation require 
accuracies in time readings that are too great for those who are working 
to an accuracy of 1’. Furthermore, both these methods and elongation require 

night work unless an instrument is specially equipped for daylight observa- 
tions. 

The determination of a meridian by the equal altitude method is orthodox; 
but, again, the necessary preparation and the time consumed fits it 
inadequately to the needs of the field engineer. 

The computation of the fifth decimal place of the table has received 
some comment. It will be noted that, in the tables of natural sines and 

Nore.—The paper by Philip L. Inch, Assoc. M. Ay. Soc. C. H., was published in 
September, 1936, Proceedings. Discussion on the paper has appeared in Proceedings, as 
follows: November, 1936, by Messrs, Earl F. Church, Paul BH. Wylie, James B. Goodwin, 
C. H. Swick, Philip Kissam, and George D. Whitmore; December, 1936, by Messrs. O. H. 
Chilton, Chalmers C. Schrontz, Frank M. Johnson, Walter H. Starkweather, and C. I, Day; 
January, 19387, by Messrs. F, L. McRee, F. J. Duarte, and Leonard C Jordan; February, 
1937, by Messrs. J. C. Pinney, R. L. Vaughn and John C. Penn; and March, 1937, by 
Messrs. Robert H. Merrill, Crosby J. Wilkin, and c. 8. Jarvis. 

231, S. Cadastral Engr., Public Survey Office, Reno. Nev. 

28a Received by the Secretary April 8, 1987. 
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cosines, a 1’ variation in either appears as from 1 to 3 in the fourth decimal 


place. In the determination of the fifth place, an even number for a 5 in 
the sixth place was maintained. 

The discussion has included the advisability of computing the table 
of 1’ differences in A and B upon the arc, instead of one-sixtieth of the 
difference between two arc-determined, even degrees. Intensive investiga- 
tion has demonstrated that such a refinement would add little or no increase 
in the general accuracy of the table. Before any one of the basic calcula- 
tions was accepted, from two to six observations on the are were computed 
and comparisons made. An experimental table was also constructed and 
comparisons were made of solar observations in latitudes as high as 60° 
north; the declinations used ranged from the highest to the lowest. The 
computation by table was found to be well within the required limits. 


For reference, the entire table has been included herein as Table 9. This — 


form includes values of A and B for vertical angles, h, from 15° to 54°, 
inclusive; and latitude, ¢, from 31° N to 48° N. 

In the use of Table 9, the slide-rule is commended. The necessary 
multiplications are made .quickly, with an advantage both in the assur- 
ance of accuracy and in the time consumed. 

The solar attachment has been introduced into the discussion. The 
writer is of the opinion that the initial cost is not so prohibitive as the 
continuing cost of adjustment and maintaining the adjustment. 

The suggestion that sun altitudes between 10° and 49° be used has 
its inconsistencies. The writer agrees that 49° is high enough, consider- 
ing the factor of safety. When it is at an altitude of 10° the sun is 
moving vertically, at too rapid.a rate to insure a good observation. More- 
over, the refraction is large and variable. Above 49°, although the refrac- 


tion element is nearing its minimum, the sun is moving horizontally at a 


comparative rate as great as it is moving vertically at minimum altitudes. 
Furthermore, the least error in the horizontal reading appears directly 
in the bearing that is sought. 

The ideal time for sun observations is about three hours either before 
or after apparent noon. Experiments, however, have demonstrated that 
everything depends upon the accuracy with which the observation is taken and 
how nearly the personal equation can be eliminated. At certain seasons of 
the year excellent observations can be obtained as early or as late as five 
hours before or after apparent noon. The freedom from personal inaccura- 
cies is the paramount issue, not the time nor the computation by any 
particular accepted method. 

A suggestion for solar observation is as follows: Reduce the use of 
the tangent screws to a minimum. Hold a limb of the sun tangent to one 
hair of the telescope with the tangent screw and allow the sun to drift 
into tangency with the other selected hair. Personally, the writer holds 
the faster moving limb of the sun tangent with the tangent screw. A 
little practice and one’s judgment of the sun’s movement can be placed 


—— 


a 


AN 


ry 


i 
ny 


June, 1937 INCH ON TRUE BEARINGS OF A LINE 1083 


- within a 2-sec interim. In an observation in which all four quadrants are 


used, the perfect co-ordination of two hands and an eye at eight different 
times is rare. 


In the discussion, reference is made to the additional hairs that can be 


“placed in a telescope to facilitate a solar observation. They enable the 


sun to be centered approximately at the intersection of the horizontal and 
vertical hairs. This arrangement gives excellent results; but few instru- 


ments are equipped with this accessory. 


From the viewpoint of a field engineer, the most needed addition to the 


- field procedure is some check on the accuracy of a solar observation in 


the field, and at the time of observation. Fig 4 will suggest a method of 
observation that will afford an excellent check upon the accuracy of each 
complete observation, by comparison with the others in any group. Observe 


/ the sun in this manner, recording the time, the horizontal angle, and the 


vertical angle. Combine the observations, respectively; thus: 


Lois, 
2 


2 3 


2 2 
In theory, and in theory alone, the mean time, the mean horizontal 


2+7 3+6 pay ist we 
2 


~ angle, and the mean vertical angle of each complete set will be equal; one’s 


judgment, together with the degree of accuracy required, should be 


one’s best guide as to the rejection or acceptance of any set. One good 


observation is better than the mean of one good one and three poor ones. 
Observations taken 1 min apart, with 2 min between the series of direct and 
reversed readings, give very satisfactory results. 


Observation Number 


1 2 3 
(2) TELESCOPE 
DIRECT 


Observation Number 


5 6 wih 
(b) TELESCOPE 
REVERSED 


Wig. 4. 


The ease of computing a solar observation by means of simple formulas, 


logarithms, and computing machines is apparent. The writer approves of 


their use, but only in skilled hands. The selection of a solar observation 


taken in 1910, as an example, has been commented upon; it was taken 


from the Manual of Instructions for the Survey of Public Lands of the 
United States, 1930 (page 112); it represents a criterion. 
The writer wishes to acknowledge and to express his appreciation of 


the many interesting and valuable contributions to the discussion, 
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ECONOMIC DIAMETER OF STEEL PENSTOCKS 


Discussion 


By H. K. BARRowS, M. AM. Soc. C. E. 


H. K. Barrows,” M. Am. Soo. CO. E. (by letter).“"—The formulas de- 
veloped by the authors are of interest, and are novel in certain respects. 
The use of the Scobey formula for friction head loss, involving, as it does, 

special exponential values for V and D other than the square and first 
powers, respectively, causes Equation (11) to make the economic diameter 


vary as the ‘4/_, whereas if the simpler common formula for friction head 
losses, 


I V 
Tap ee ities eis Teh Mapes Bae (66) 
4 D s 29 
is used, this becomes 4/-. It seems questionable whether the use of 


the Scobey formula is preferable under the circumstances. 

Furthermore, the introduction of entrance losses, bend losses, etc., com- 
monly of minor effect, could well be avoided, for the sake of simplicity, 
without appreciable effect upon results. The use of a loss factor to take 
account of load factor is logical and warrants further study and determina- 
tions of such factors. The writer has found the formula,” 


7 y 4 7 
D = 0:215 A[/ A Get = Oe eee (67) 
arH 


for steel pipes, convenient for obtaining a quick approximation of the best 
penstock size as a basis for further detailed study made by assuming 
different sizes, determining annual cost (of pipe plus value of power lost), 
and plotting total yearly cost against diameter. 

In Equation (67), in addition to the notation of the paper: b’ = the 
value of power, in dollars per theoretical horse-power per year; Qa = aver- 


Norr.—tThe paper by the late Charles Voetsch, M. Am. Soc. C. E., and M. H 
Assoe. M. Am. Soc. C. E., was published in November, 1936, Proceedings. Diseheey 
on the paper has appeared in Proceedings, as follows: March, 1937, by Messrs. R. A 
es William E. Rudolph, and Peter Bier; April, 1937, by Adolpho Santos, Jr., Assoc. 
“eae e Soc. C. E.; and May, 1937, by Messrs. Joseph D. Lewin, F. Knapp, and Ralph W, 

* Prof., Hydr. Eng., Mass. Inst. Tech., and Cons. Engr., Boston, Mass. 

“a Received by the Secretary April 22, 1987. 


4 “Water Power Engineering”, by H. K. Barrows, 1934 Hdition, p. 357. 


q 


© June, 1937 BARROWS ON ECONOMIC DIAMETER OF STEEL PENSTOCKS 1091 
age discharge, or maximum discharge, times a capacity factor; s = unit 
stress value of steel; and K’ = friction factor in the formula, 

ING AW 
fig See tte eee (68) 
2Dqg 


The use of the average discharge applies fairly closely where individual 
penstock lines are considered, if wheel units are operated by number and 
gate for best results. For a long single penstock the correct discharge 


~ would be more nearly the maximum discharge times the square of the 


capacity factor. 
Similar formulas have been deduced for concrete and wood-stave pen- 
stocks, the one for concrete being as follows:” 


D = 0.215 Nice SO SE SOE ee, Eee (69) 
a (00000200 bik 0: Seda i) 
Sy 
in which, in addition to the notation of the paper: a¢ = cost of concrete, in 
dollars per cubic yard; p = ratio of cross-sectional steel area of longitudinal 
steel to that of concrete in the same plane; as = cost of steel reinforce- 
ment, in dollars per pound; and, ss = allowable stress in hoop steel, in 


pounds per square inch. The quantity in parenthesis includes the effect 


of concrete cost, longitudinal steel, and hoop steel respectively. 
For wood-stave penstocks: 


7 7 7 
D= 0 215 4} 1 Oa te se ae ee (70) 
r A (a + 0 000016 Ay $) 


in which, a» = cost of steel bands, in dollars per pound; and aw = cost 


of wood staves, in dollars per board-foot. 

Equation (67) for steel pipes. is simple enough to be useful; but Equa- 
tions (69) and (70) are somewhat long and involved in use, and the 
writer prefers, in general, to determine the best size of penstock by curves 


- yather than by formula, as this enables all special items of cost, other 


other than of pipe alone, to be included. 
2 “Water Power Engineering”, by H. K. Barrows, 1934 Edition, p. 358. 
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DISCUSSIONS 


STRESSES AROUND CIRCULAR HOLES 
IN DAMS AND BUTTRESSES 


Discussion 


By FRED L. PLUMMER, M. Am. Soc. C. E. 


Frep L. Prummer,” M. Am. Soc. C. E. (by letter).““—Based on the 
assumptions defined by Equations (9) the author has developed formulas 
giving the stresses around circular openings in mass structures. The 
derivation is presented in a clear and straightforward manner, and illus- 
trates a very skillful use of mathematical theorems. The writer wishes 
to call attention to the fact that the aforementioned assumptions cannot 
always be justified, and to question whether, in any case, the designing 
engineer is warranted in using such complicated formulas when they are 
developed from assumptions which, at best,-can give only a crude approxi- 
mation of the stresses that will exist in the actual structure. 


Fig. 12(a) shows a buttress similar to the one used by the author in 
his illustrative example. Obviously, any plane section cut perpendicular to 
the up-stream face of the buttress, except for the short section, a-b, would 
extend indefinitely into the foundation. The assumptions that the normal 

Noru.—The paper by I. K. Silverman, Jun, Am. Soc. C. E., was published in November, 
1936, Proceedings. Discussion on this paper has appeared 


t in Proceedings, as follows: 
February, 1987, by Messrs. R. D. Mindlin, and Chesley J. Posey; April, 1937, by Messrs. 
J. H. A. Brahtz, V. L. Fedorov, and F. W. Hanna; and May, 


‘ 1937, by C. P. Vetter, M. Am. 

NOC. H, 

‘3 ie One: Engr.; Associate Prof., Structural Eng., Case School of Applied Science, Cleve- 
nd, io. 


*va Received by the Secretary April 8, 1937. 
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stresses on such planes (c) are distributed linearly in accordance with 
Equation (9a), and that the shear stresses along such planes (d) increase 
uniformly with the distance from the loaded face in accordance with 
Equation (9c), are obviously far from even a reasonable approximation of 
the probable stress distribution. On the other hand, the assumption that the 
direct compression parallel to such planes is constant in accordance 
with Equation (9b) may be more true for planes through ¢ and d, Fig. 12, 
than for a plane through f. 

It would seem, therefore, that no formula based on these assumptions 
could be of any value in studying stresses at any point in the section, 
b-e-g, of this buttress. Since stress distributions in Nature cannot be 
altered abruptly, it is probable that the stresses along a plane through f 
are very similar to those on a plane through b. In consequence, it does not 
seem likely that the stress distribution assumptions defined by Equations 
(9), nor any formulas based upon these assumptions, could be properly 
applied to any part of the buttress shown in Fig. 12(a), except possibly 
a small segment at the top of the buttress. 

As the slope of the up-stream face of the section is made steeper and 
the section more nearly approaches that shown in Fig. 12(b), the afore- 
mentioned assumptions seem to lead to closer approximations of the actual 
stress distributions. Even in the case shown in Fig. 12(b) however, the 
actual stress distribution may. vary quite materially from that indicated 
by these assumptions. Such variation may be illustrated by considering 
the very simple case shown in Fig. 18(a), which is drawn from a photo- 
elastic picture showing the variation of maximum shearing stresses in 


wv 


sto} 
() Sse = 26 nO? yh 
a 


(a) WEIGHT ONLY (c) WEIGHT AND WATER LOAD 


Fic. 138. 


the buttress of Fig. 12(a) due to the weight of the buttress itself. The 
usual assumptions, analogous to those based on Equations (9), would 
indicate maximum shearing stresses along the plane, a-a, varying uniformly 
from 27 lb per sq in. at the up-stream face to 46 lb per sq in. at the down- 
stream face as shown by Fig. 13(b). The distribution of shearing stresses 
given by the model is shown by the dotted line. This would indicate that 
the direct compression stresses caused by the triangular mass of concrete 
above this section, are not distributed uniformly, but that the intensities 
are much greater near the middle of the section. This effect has been 


recognized in many other types of problems. 
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Fig. 13(c) shows the variation of shearing stresses in the same buttress 
due to the weight of the buttress and, in addition, a water load applied to 
an area on the up-stream face twelve times as wide as the buttress. In 
each case, the lines represent contours joining those points where the maxi- 
mum shearing stresses in the analogous concrete buttress equal the 
values indicated on the diagrams, the unit being pounds per square inch. 
In neither case, nor along any plane section, does the stress distribution 
agree closely with that given by the assumptions defined by Equations (9). 
On the other hand, Fig. 14 shows a section for which the stress distribution 
given by the model and that based on these same assumptions agree rather 
closely on several typical sections and for both dead load, and combined 
dead and water loads. 

The writer wishes to emphasize the fact that the preceding statements 
imply no criticism of the author’s mathematical derivation, nor of the 
resulting formulas. Granting the underlying assumptions, the formulas 
correctly represent the stress conditions around a circular opening. Un- 
fortunately, many designers of engineering structures have been trained 
to rely too implicitly on printed formulas and, in consequence, often use 
such aids without understanding the underlying assumptions and, more 
important, the resulting limitations of every such formula. The formulas 
under discussion were originally called to the writer’s attention by a 
young engineer who was applying them to a structure for which they 
could not possibly give results of any value. 


El 1363 


Fig. 14. Fig. 15. 


It is important that engineers recognize the fact that openings in 
massive structures in which the normal principal stresses are all compres- 
sive may result in tangential tension stresses near the boundaries of such 
openings. Obviously, in concrete structures, it is wise to provide steel 
reinforcement in sufficient quantity, placed so as to resist such stresses 
properly. Equation (1) indicates how much the tension stress in a bar 
may be increased due to the presence of a small circular hole. Fig. 15 


“. at 


as 
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shows the variation of stresses near a circular opening in an area, the 
least dimension of which is at least four times the diameter of the hole. In 
Fig. 15 a uniform compressive stress is assumed to act in the direction of 
the Y-Y axis. Due to the presence of the hole, tension stresses are created, 
and the compression stresses are increased as indicated. Formulas 
developed by A. and L. Foppl* give the radial, tangential, and maximum 
shearing stress at any point, A, as: 


2 2 4 
.=2[1=54 i ie el g O Te\ ee aoe ies Bt (1082) 
2 os oe 2 
2 4 
wa bf 4 S— (14 22) cos] ieee (108b) 
2 a a 
and, 
2 4 
=f [1-28 + 2f | sina ean eer. (108¢) 
2 27 en 
in which s = the principal stress at A if no hole is present (s can act in 
any direction); r = the radius of the hole; 2 = the distance from the 


center of the hole to Point A; so = maximum unit shearing stress at Point 
A; and, 6 = the angle as shown referred to the direction in which s acts. 
Tf 6 is made equal to 90°, Equation (108a) reduces to Equation (1) 
giving the stress distribution along the X-X axis. With 6 equal to zero, 
the tangential tension stresses along the Y-Y axis may be found. The 
greatest tension stress occurs at the boundary of the hole and equals in 
intensity the applied compression stress, Ss. This tension stress decreased 
along the axis, Y-Y, to zero at a point, r v 8, from the center of the hole. 
By integration the total tension for unit width may be found to equal — 


— sr 

3 3” 
to 1.173 r from the center of the hole. If z is made equal to r the resulting 
formulas define the variation of stress around the 
boundary of the hole, indicating tangential ten- 
sion decreasing in intensity from s to zero as 6 
is increased from zero to 30°, and then tangential 
compression increasing from zero to 3s as @ 
increases from 30 to 90 degrees. 

To illustrate how simply these relations may 
be utilized consider that the principal stresses in 
a given region of 4 mass structure have been 
determined, assuming no hole to be present. 
The values are shown in Fig. 16. The greatest 
tangential tension stress around the boundary would occur at Point a, 


with this resultant force acting at a distance approximately equal 


Fic. 16. 


and would equal (445 + 3 X 15 = 490 lb per sq in.). Similarly, the great- 


33 ‘Drang und Zwang,” p. 314. 


. 
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est compression stress would occur at Point 6b and would equal (3 x 445 
+ 15 = 1350 lb per sq in.). The stresses at other points on the boundary 
of the hole can be found in a similar manner by the use of Equation (1080), 
with z = 1, the effects of the two principal stresses being computed separately 
and then combined algebraically. The stress distribution used in this illus- 
tration duplicates approximately that which the author found to occur around 
the hole in the buttress analyzed in his illustrative example. 


Fic. 17. Fig. 18. 


Using the data of the paper, the writer has computed the principal 
stresses that would act in a solid buttress at a point corresponding to the 
center of the hole specified by the author. Duplicate computations based on 
three separate sets of generally accepted assumptions result in values of 
the major principal stress varying in compression from 3800 to 570 lb 
"per sq. in. As indicated previously the value obtained by the author was 
about 445 lb per sq in. in compression. In the writer’s opinion it is this 
part of the problem which needs serious study. Moreover, it would seem 
that designers must look to experimental, rather than analytical, methods. 


(a) WEIGHT ONLY (b) WEIGHT ONLY (c) WEIGHT AND WATER LOAD 
Fie. 19. 


Figs. 17 and 18 show photo-elastic studies of stress distribution in the 
region of two openings in both a gelatin and a marblette model of a section 
of a concrete dam. The writer has found this method of study to be very 
useful and, in general, more reliable than any purely analytical method 
which of necessity must be based on simplifying assumptions, Obviously, 
it would be impractical to derive formulas which would be applicable to 


2 
: 


<F, 


: 
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the complicated situation illustrated by Figs. 17 and 18. Fig. 19 shows 
a model study of the buttress analyzed by the author. The scale of the 
model is too small to determine accurately the stress variation around 
the circular openings. A large scale model of a part of the buttress would be 
used for this purpose. However, the models show clearly that the stresses 
in the region of the hole are quite different from those given by computa- 
tions based on the assumptions used by the author. 

_ The curves in Figs. 14 and 17 and the photo-elastic views in Fig. 18, 
are taken from studies made in co-operation with the office of the U. S. 
Engineer Corps, at Huntington, W. Va., and under the direction of Lt. 
Gol. John F. Conklin, District Engineer, and A. L. Alin, M. Am. Soe. C. E., 
Chief of Design on the Bluestone Project. 
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GRAPHICAL DISTRIBUTION OF 
VERTICAL PRESSURE BENEATH FOUNDATIONS 


Discussion 


By Messrs. NATHAN M. NEwMARK, A. E. CUMMINGS, AND 
D. P. KRYNINE 


Naruan M. Newmark,” Jun. Am. Soc. C. E. (by letter).“*—The method 
presented by Mr. Burmister for finding vertical pressures beneath founda- 
tions graphically is interesting and simple to use. The author’s procedure 
is more rapid than the method of dividing the loaded area into elements of 
load which may be replaced by concentrated forces. The writer wishes 
to supplement Mr. Burmister’s method by describing for comparison two 
other procedures, one analytical and one graphical, which seems to have 
similar advantages of speed and simplicity. 

An analytical procedure for computing the intensity of vertical stress 
beneath a loaded area was developed by the writer at the University of 
Illinois.“ This procedure makes use of a table of values of vertical pres- 
sure at unit depth beneath the corner of a uniformly loaded rectangle of 
dimensions, m by n. The table is applicable to all depths and to all dimen- 
sions of loaded area. The formula by which the numerical values 
were computed was obtained by integration over a rectangular area of Bous- 
sinesq’s formula for the pressure due to a concentrated load. The tabulated 
coefficients of pressure are given in terms of the vertical load per unit of 
area on the rectangular area and are dimensionless, 

The pressure at points other than under the corner of a rectangular 
area is found by combining upward and downward loads on not more than 
four rectangles. For example, the vertical pressure at a depth of 10 ft 
beneath the center of the footing of dimensions, 6 ft by 8 ft, shown in 
Fig. 5, is found as the sum of the vertical pressures 10 ft beneath the 
common corner of four equal rectangles, 3 ft by 4 ft. The “relative dimen- 
sions” (m and n) for these rectangles are 0.3 by 0.4. With these values 


NoTe.—The paper by Donald M. Burmister, Assoc. M. Am. Soc. C. E., was published 
in January, 1937, Proceedings. Discussion on this paper has been published in Proceed- 
ings, as follows: May 1937, by Messrs. William B. Kimball, I. M. Nelidov, George 
Paaswell, and Jacob Feld. 

7 Research Associate in Civ, Eng., Univ. of Illinois, Urbana, Ill. 

18a Received by the Secretary March 29, 1987. 

4 “Simplified Computation of Vertical Pressures in Elastic Foundations’, by Nathan 
M. Newmark, Univ. of Illinois, Eng. Experiment Station, Circular No. 24 (1935). 
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of m and n, the table“ referred to lists a value of influence pressure of 


0.04742. Then the influence pressure for the entire footing is four times 


- this value, or 0.18968. 


TABLE 6.—InrLuence PRESSURES 


Depth under center of InrLuENCE PrEessuRE Dun To: 
Footing No. 1, in feet 
Footing No. 1 Footing No. 2 
rr ater sre py) hal aires eos o, (sera 0.1897 0.00097 
dt ay een WeRCIE Wie cat ce Oe ee 0.0542 0.00372 
7 2 SSR RoR AIODICS SOO Le ar OR SORES 0.0141 0.00520 
Beet nsterste isis els sre teateeda mkeste 0.0035 0.00265 


For the problem shown in Fig. 5 of the paper the results given in 
Table 6 were obtained by this procedure. The writer was unable to make 
comparisons with the results obtained for the problem of Fig. 4, since 
no dimensions are given for that problem. Except for pressures near the 
surface, such a foundation plan can be considered to be replaced by a 
rectangular area uniformly loaded with the same total load as is applied 
to the footings. In view of the fact that the computation of pressure in 

ae, SS: ; ] g Part of Main 
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Pressure at Depth z Under Point A 


Fie. 11.—For Unirorm Loap or UNIT INTENSITY ON AREA OF COMPLETE CIRCLE BOUNDED 
By RinG DESIGNATED. 


soil is based on assumptions that are only approximately true, such a 
replacement is permissible. Near the surface, the pressures are affected by 
the distribution of contact pressure between the footings and the soil, and 
this distribution may vary between rather wide limits. 
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It seems that the author’s graphical procedure is limited to computa- 
tions at depths for which charts are available. Only one chart is necessary 
for all depths if the scale of the foundation plan is changed properly with 
the depth. For example, Fig. 8, the author’s chart for a 10-ft depth, may 
be used for, say, a 20-ft depth if the scale of distance to the center of 
each loaded ring is multiplied by 2, so that the rings become 2 ft wide. 

If a graphical procedure is to be used, the writer prefers a pressure chart 
such as Fig. 11 in which each loaded ring accounts for the same influence 
pressure. Subdivisions of the rings may then be made by radial lines. The 
chart can be made independent of depth by drawing the foundation plan to 
seale such that the depth at which the pressure is to be computed is taken 
as the unit of length. 


Values of ~~ for given values of Pe may be computed by re-arranging 


z P 
Equation (8). The writer has made such computations, the results of which 
are given in Table 7. With these data Fig. 11 may be constructed for the 
graphical computation of pressure. For the part within the ring marked 


r 
TABLE 7.—VauueEs or Rewative Raprus or Circie, — , FOR 


Zz 
Given Vatues or 2 
Pp 
Ps Bs Ps eli a eae pe pw 
Pp 2 Dp z Pp z Dp 2 
(1) (2) *(1) (2) (1) (2) (1) (2) 
‘0 0 0.36 0.5887 0.70 1.1097 0.970 3.0590 
0.02 0.1164 0.38 0.6126 0.72 1.1561 0.972 3.1377 
0.04 0.1661 0.74 1.2062 0.974 3.2240 
0.06 0.2052 0.40 0.6370 0.76 1.2607 
0.08 0.2391 0.42 0.6617 0.78 1.3206 0.976 3.3194 
0.44 0.6869 0.978 3.4259 
0.10 0.2698 0.46 0.7127 0.80 1.3871 0.980 3.5457 
0.12 0.2983 0.48 0.7392 0.82 1.4618 0.982 3.6823 
0.14 0.3252 0.84 1.5469 0.984 3.8404 
0.16 0.3511 0.50 0.7664 0.86 1.6459 
0.18 0.3761 0.52 0.7945 0.88 1.7636 0.986 4.0268 
0.54 0.8235 0.988 4.2519 
0.20 0.4005 0.56 0.8536 0.90 1.9083 
0.22 0.4244 0.58 0.8849 0.91 1.9948 0.990 4.5326 
0.24 0.4481 0.92 2.0943 0.992 4.8990 
0.26 0.4715 0.60 0.9176 0.93 2.2108 0.994 5.4116 
0.28 0.4948 9.62 0.9519 0.94 2.3505 0.996 6.2197 
i i : 2: 
0.30 0.5181 0.66 1.0261 asi? Ned ie CBS, 
0.32 0.5415 0.68 1.0665 0.96 2.7477 1.0 00 
Se———oownananamaoa9amanananwamaq“jwwoyqwqowoqasgoaenonaeaoeoqeleoeoeleoeoeoeoeoeoeoeoeooeoeoqQqO=$q$q$q$$$0~S_ 


0.90, the area between successive circles accounts for an influence pressure of 
0.02. Each of the elements of area bounded by the heavy solid lines, outside 
the ring marked 0.10, accounts for an influence pressure of 0.002, and each 
of the elements bounded by light lines accounts for an influence pres- 
sure of 0.0002. In order to subdivide the area more uniformly, intermediate 
circles are drawn for the area outside the circle marked 0.90. 

The method of using the chart™* is, as follows: Suppose the depth at 
which the pressure is desired is 35 ft. Then draw the foundation plan on 


4a Copies of the original graph (size 11 in. by 16 in.) are available for f 
tion. Send request to Department of Civil Engineering, University of Illinois, Urbana ail 


ee @ wae we 
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+ 


_thin paper or tracing cloth to such a scale that the distance, z, in Fig. 11 


represents 35 ft. Set the point at which the pressure is desired at Point A. 
_ Add the loaded rings and segments, each multiplied by the value of pon 
the corresponding area, to obtain pz; or count the number of blocks or 
- elements of area loaded and multiply by the value of a single block to get 
the total vertical pressure. A different drawing of the foundation plan 


is required for each depth investigated, but only the single chart is 


z needed. 


A. E. Cummines,” M. Am. Soc. C. E. (by letter).”*—For the calculation of 


the stress distribution in the ground under a foundation, the author 


recommends the use of a simple algebraic expression which is often referred 
to as “the Boussinesq equation.” According to Professor Burmister, this 


equation represents the only means available for the solution of such 


problems. The writer is of the opinion that the derivation of the equa- 
tion is based on assumptions which are rarely fulfilled by an actual 


- foundation problem. Accordingly, he proposes to outline briefly the original 


derivation” of the equation and to discuss the assumptions on which it 


is based. 


Boussinesq assumes a rectangular co-ordinate system (igs 12). swith 


5 the ¥ Y-plane as the plane horizontal boundary of the semi-infinite solid 


Fie. 12: 


and with the positive Z-axis directed downward into the solid. He begins 
with the general differential equations of elastic equilibrium in the form 
commonly known as the body-shift equations. These are: 


Q + p) eet PON at Oe oie ignites ae ols ».. (14a) 
ox 
Sra 88, eae eV SS Qe tiles steels » ole a horarane (14b) 
oy 
and, 
(The pas ea anne ek 2 
Oz 


16 Dist. Mgr., Raymond Concrete Pile Co., Chicago, Ill. 

15¢ Received by the Secretary April Die O St : 

16 ‘Application des Potentiels a l'Etude de V’Equilibre et du Mouvement des Solides 
Blastiques”, by J. Boussinesq, Gautier-Villars, Paris, 1885. 
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In Equations (14), u, v, and w are the displacements in the X, Y, and 


Z directions, respectively; and \ and pw are the elastic constants of Lamé, 
p being the shear modulus. The cubical dilatation is: 


o? Poa o” 


It is necessary to find expressions for u, v,.and w that will satisfy the 
differential Equations (14) and for this purpose Boussinesq uses certain 
potential functions. He expresses the displacements in terms of the 
following: 

The inverse or Newtonian potential is: 


the direct potential is: 


the first logarithmic potential of three variables is: 


y = fv (AOR) Gai aT ie cee (17c) 


and the second logarithmic potential of three variables is: 


va fI—R+ slog +B) dn er a (17d) 


In Equations (17), dm is the infinitesimal element of the mass producing 
the field of force and R’? = 2° + y? + 2. The integration extends over the 
mass, m. 

By expressing the displacements as the space derivatives of one or the 
other of these potential functions, Boussinesq finds solutions of the differ- 
ential Equations (14). These solutions he calls “simple integrals” but, 
in general, they are not satisfactory for the semi-infinite solid as they 
do not satisfy the required boundary conditions at the free horizontal sur- 
face of the solid. In order to satisfy these boundary conditions, Boussin- 
esq uses combinations of several potentials. For the semi-infinite solid 


subjected to a purely vertical load on its plane horizontal boundary, he 
takes the displacements in the form: 


1 o 1 re) 
u= — —_ R din ees log (¢ + R) dm ..(18 
eae aa ee Be ee 


a a a ee. 


= 
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Equations (18) are seen to be combinations of the direct potential and the 
first logarithmic potential, and it is easily shown by differentiation that 
' they are solutions of the differential Equations (14). 

To obtain the stresses from the displacements, Boussinesq makes use 
of the equations of the mathematical theory of elasticity in which the 
stresses are expressed in terms of the derivatives of the displacements. 
These are: 


pre a Os Fe Lane tee Lear! (194 
Ox 
aN es Sat ri cae tge Na ROE ease 2 (196) 
oy 
“popes a 6.) ea ipa ey eae aay ars ee (19c) 
ra) 
Dex = Dix = — (= + 2) Te Ree eme (19d) 
Ox Oz 
ow ov 
= flip == ES ae char in.clo ore acenioorurcicico (40) 010 (19e) 
Pey — Py (2 22) 
and, 
Pry = Pyz Se K au a 2) PCH CCN, Cott COR pC Cm TB TO (19f) 
oy Ox 


In Equations (19), the values of p with the single subscript are the normal 
stresses and those with the double subscripts are the shears. 
Tf it is assumed that a point load, P, is applied normally to the surface 


of the solid so that dk dm = P, Equations (18) and (19) give the stresses 
at any point within the solid, as follows: 


P (322% u ee ne 2] con 
R? 
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and, 


i =F [fav mM et 2 8 
Se pA A+ R (2+ R)? 


In these stress equations the plus sign represents compression and the — 
minus sign, tension. Equation (20c) is easily recognized as “the Boussin- 


esq equation.” 


Whether or not Equation (20c) is applicable to a given foundation — 


problem depends on how well the foundation problem conforms with the 
assumptions on which the derivation of the equation is based. As 
an illustrative example, the author has used a_ structure built on 


isolated spread-footings (see Fig. 4). However, there is nothing in ~ 
the paper to indicate that the charts should not be used for large © 
mat foundations. The assumptions on which Equation( 20c) is based 


are more readily understood by consideration of a mat foundation. 
Furthermore, the author has made several statements which are of con- 


Ground Surface 
ot ese € See ye ee 


Soft Clay 


y and 
Yi 


Fig. 13. 


siderable interest when applied to a large mat. The writer proposes, there- 
fore, to consider not only Fig. 4, but also the foundation problem illustrated 
in Fig. 18. This is not an imaginary soil condition. It is more or less 
typical of certain parts of Chicago, IIl., Detroit, Mich., Toledo, Ohio 
and other cities on the Great Lakes. 

One important assumption on which Equation (20c) is based is that 
the solid must be homogeneous to an infinite depth, This is required by 


ETA 
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i] 
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_ Equations (18) since the space derivatives of the potential functions in 
‘these equations are continuous functions and do not vanish except at 
infinity. Discontinuities in the soil structure are not compatible with 
Equations (18). In Fig. 18, the surface of the bed-rock is at a depth of 


90 ft below the ground surface. This rock may be considered as prac- 


tically rigid so that the vertical displacements must vanish at the plane 
of the rock surface. ‘The horizontal displacements may or may not vanish, 


depending on the friction between the rock and the soil stratum just 


above it. Equation (20c) does not apply to this case. 

A. method of taking into account the discontinuity at the rock surface 
has been published by Professor M. A. Biot.” According to Professor 
Biot’s analysis, the vertical normal stress on the center line of the 


load at the rock surface is considerably greater than the stress calculated 
with Equation (20c). The plane of contact between the sand and the 
soft clay represents another type of discontinuity. Arthur Casagrande, 


2 Assoc. M. Am. Soc. C. E., has studied this condition’ and has found 


that a dense sand bed apparently spreads the load so that the vertical 
normal stresses in the clay are much less than the values given by 
Equation (20c). This question of discontinuities in the soil structure 
applies to Fig. 4 as well as to Fig. 13. In Fig. 4, it is the width of the 
entire building that must be considered and not the diameter of the indi- 
vidual footings. Whenever there is bed-rock or some other abrupt 


change in soil stratification at a depth no greater than one or two times 


the diameter of the building, Equation (20c) does not provide the proper 


answer. 

A second assumption on which Equation (20c) is based is that the 
load must be at the surface of the solid and not below the surface. This 
requirement is also due to Equations (18). Fig. 13 shows the bottom 


of the mat at a depth of 10 ft below the surface. This is not an uncommon 


condition and, in some cases, buildings have several sub-basements so that 


5 their foundations are 25 or 30 ft below the surface. Equation (20c) is 


ese: 


not suitable for such conditions, and it ig necessary to use an analysis 
of the type published in 1936” by R. D. Mindlin, Jun. Am. Soe. C. E. 


Stresses obtained from Mr. Mindlin’s equations may vary considerably from 


those given by Equation (20c), depending on the size of the loaded area, its 
depth below the surface, and the depth of the plane for which the stresses 
are being calculated. . 

A third assumption involved in the derivation of Equation (20c) is 
that the load must be normal to the surface of the solid. The displacements 
represented by Equations (18) are for normal loads only. When the 
point load, P, is changed to a distributed load, p dx dy, which is to be 
integrated over a finite area, this normal load requirement does not 


change, and the load on the finite area must also be purely normal to the 


iv “HiFect of Certain Discontinuities on the Pressure Distribution in a Loaded Soil’, 
Physics, December, 1935, Vol. 6, p. 367. 

18 Transactions, Am. Soc. Cc. E., Vol. 101 (1936), p. 1122. 

1% “Rorce at a Point in the Interior of a Semi-Infinite Solid”, Physics, May, 1936, 
Vol. 7, p. 195. 


surface of the solid. In some cases there is a tendency for the soil to 
attempt to escape laterally from under the foundation. The condition 
is similar to that of a compression test on a concrete cylinder in which 


e 
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there are tangential friction forces in the planes of contact between the _ 


test blocks and the ends of the cylinder. If the soil attempts to move 
outward, the friction forces on the soil surface are directed radially inward. 
The resultant of the normal load and the friction force at any point 
makes an angle with the normal, the magnitude of the angle depending on 
the amount of friction. This oblique resultant force represents a more 
general case than the purely normal force. For the oblique force the 
stress distribution within the solid is quite different from that produced 
by the normal force alone. Boussinesq” has solved the problem for the 
oblique force with the aid of the second logarithmic potential given by 
Equation (17d). Professor O. K. Froehlich™ has derived equations which 
show the effect of tangential forces in the contact plane. The existence 
of this phenomenon has been noticed and discussed® by M. L. Enger, M. 
Am. Soc. C. E. When there are tangential friction forces in the contact 
plane, the stress distribution in the soil is not that of Equations (20). 
The fourth assumption on which Equation (20c) is based is that the 
solid must satisfy Hooke’s law and must be a truly elastic isotropic solid 
in the sense required by the mathematical theory of elasticity. The fact 


that no elastic constants appear in Equation (20c) does not nullify this — 


requirement. The derivation of this formula is based on the differential 
Equations (14) and these apply only to elastic isotropic solids which satisfy 
Hooke’s law. In order to fulfill these requirements the soil would have 
to be capable of resisting all tensile, compressive, and shearing stresses 
represented by Equations (20). Granular soils, for instance, lack the 
capability of resisting tensile forces except in so far ag they may already 
be under compression due to body forces. At a point on the X-axis at the 
surface of the solid (in Fig. 12, 2 = 0; y = 0 ; and x = R), the shears, 
Pza, Dey, Pay, and the normal stress, p,, all vanish. The normal stress pz, 
is a radial tension and py, is a tangential compression. Concentric circles 
drawn on the surface of the solid, with the origin as a common center, 
are contracted. 

If the physical properties of the soil are such that it cannot resist this 
tensile stress, px, the stress field cannot be represented by Equations’ (20). 
Isotropy requires that the elastic properties of the soil would have to be 
the same in all directions. Stratified silts and varved clays are not 
isotropic in this sense. Hooke’s law requires a linear relationship between 
stress and strain both for loading and for unloading. In some soils the stress- 


strain loading curve is a straight line for small strains but in 


many soils it is not and, in most soils, the process is not reversible. The 
result is that, in general, it is not valid to consider the soil under a 


*o “Application des Potentiels’, p. 182. ; 
* “Druckverteilung im Baugrunde”’, Julius Springer, Vienna, 19384, p. 55. 
™ Transactions, Am. Soc. C. B., Vol. LXXXV (1922), p. 1580. 
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foundation as an elastic isotropic solid. A method of determining the 


stress distribution in certain types of anisotropic solids has been published 
Eby K. Wolf” 


baw 


The author mentions the “disturbed zone” defined by Kogler and 


- Scheidig and remarks that this region of disturbance extends to a depth 


of two or three times the greatest width of the footing. Apparently, the 
author is thinking only of the relatively small spread-footings shown in 
Fig. 4. The question arises as to how this idea may be applied to Fig. 18. 


Two or three times the width of this footing means 200 or 300 she aun 


the ground. It seems scarcely likely that a region of disturbance would 


extend to any such depth as this. In their original deseription™ of this 
phenomenon, Kégler and Scheidig did not publish any mathematical 
analysis by means of which the extent of this region could be calculated. 


However, they called attention to the fact that the depth of the disturbance 


* 


depended on the physical properties of the soil_and the intensity of the 
surface load. Actually this region of disturbance is a region of plastic 
flow. ; 

Professor O. K. Froehlich has published* equations which define the 
boundaries between the elastic and the plastic regions. Froehlich’s analysis 
ig based on Mohr’s theory of plastic flow and his equations include the 


size of the loaded area, the intensity of the surface load, and the physical 


characteristics of the soil. In either Fig. 4, or Fig. 13, the extent of 


this region of plastic flow would depend on these various factors. ~The 


region is not merely a function of the diameter of the footing. In addi- 
tion to this “region of disturbance,” Kégler and Scheidig described a 
“region of no stress” which les near the surface and surrounds the loaded 
area. It is in this “region of no stress” that the theory of elasticity, as 


_ represented by Equations (20), includes a tensile stress. The inability 
- of sand to resist this tensile stress is part of the cause of the existence of 


the “region of disturbance.” 

The author also discusses the distribution of pressure in the contact 
plane and states that this becomes unimportant at depths several times 
the width of the footing. Again, he appears to be thinking only of the 
small footings of Fig. 4. It is interesting to consider this statement in 
connection with Fig. 18. As Professor Burmister states, this surface pres- 
sure distribution depends on the relative elastic properties of the soil 
and the structure. It can vary from a distribution which is a maximum 
at the center and a minimum at the edges to one which is a minimum at 
the center and a maximum at the edges. In Fig. 13 the entire depth of 
soil between the bottom of the footing and the surface of the rock is 
only eight-tenths of the diameter of the footing. Tt is in this region 
that the non-uniformity of the surface loading is most important. Even 
if the rock were not there, and if the soil were a homogeneous, elastic, iso- 
tropic solid, the vertical normal stresses on horizontal planes in the 


4% “Aysbreitung der Kraft in der Halbebene und im Halbraum bei Anisotropen Ma- 
terial’, Zeitschrift fiir ang. Math. und Mech., 1935, Vol. 15,-No. 5, p. 249, 

“Die Bautechnik, April 6, 1928, pD. 206. 

2 “Drnckverteilung im Baugrunde”’, p. 72, 


1108 CUMMINGS ON PRESSURES BENEATH FOUNDATIONS Discussions 


region down to an 80-ft depth would be seriously affected by the distribu-- 
tion of pressure in the contact plane. The author’s remark about the; 
unimportance of the distribution of contact pressure is apt to be mis-- 
leading. There are many kinds of foundation problems in which the: 


distribution of pressure in the contact plane cannot be ignored. 

The calculation of stress distributions in the ground under a founda- 
tion represents the first half of the problem of settlement analysis. The 
other half is concerned with the laboratory soil tests and the application 
of the test results to full-sized structures. Many records of observations 
on the settlements of structures have been published during the past 
few years. In a few cases there is agreement between prediction and 
observation, but in many cases there are wide variations. These differences 
between prediction and observation could: result either from the lab- 
oratory tests or from the assumed stress distribution in the soil. As 
far as the stress distribution is concerned, it is the writer’s opinion that 
this so-called “Boussinesq equation” is being somewhat overworked. 
Foundation problems seldom conform with the assumptions which are the 
bases of its derivation. Furthermore, the equation is not the only means 


available for the analysis of stress distributions in the ground under a 


foundation. 

The extent of actual knowledge available at the present time on stress 
distributions under full-sized structures is extremely limited. The writer, 
therefore, is inclined to question the desirability of putting into general 
use such charts as those proposed by the author. These charts are based 
on an equation taken from the mathematical theory of elasticity, and 
the equation itself is subject to several definite restrictions. If the 
assumption is granted that the soil is an elastic, isotropic solid there still 
remain such questions as: Is the load at the surface or below the sur- 
face? Is the load normal to the surface or are there horizontal forces in 
the contact plane which produce, with the vertical force, an oblique 
resultant? Is there an unyielding rock stratum or other discontinuity in 
the soil at a depth no greater than one or two times the diameter of the 


structure? The author’s charts do not take any of these conditions into 


account 

If it is admitted that the soil’ is not an elastic, isotropic solid, it 
becomes necessary to abandon the use of the theory of elasticity altogether, 
or at least to modify the equations of that theory before they are used 
to calculate stress distributions in soils. Apparently, it is true that, at 
considerable depths below the surface, the materials of the earth behave 
approximately as elastic, isotropic solids. Much of the science of seismology is 
based on this assumption.” However, it is the writer’s opinion that most 
foundation problems are concerned with surface phenomena, In general, the 
entire depth of soil involved in the problem is of the same order of 
magnitude as the diameter of the structure, and there are usually a 
number of other special conditions to be considered. It would seem better, 


26 «6 5 , 
D.C. fae of the Earth”, Vol. VI, The National Academy of Sciences, Washington, | 
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“therefore, to leave the door open to a consideration of these special con- 
ditions rather than to advocate the use of charts which do not take them 
“into account at all. In any case, the charts and tables should be sup- 
plemented by a complete statement of the assumptions on which they are 
based so that the user may be fully aware of their limitations. 


oe © dD. P. Krynine,” M. Am. Soo OC. E. (by letter).“*—The object of this 
discussion is: First, to emphasize the outstanding place which the chart 
method advanced by Professor Burmister occupies among other methods of 
‘determining the vertical pressure within a loaded earth mass; and, second, 
to suggest some further simplifications of the method in question. 
Existing Methods of Determining Vertical Pressure Within a Loaded 
Earth Mass—The problem of determining the vertical pressure, pe, at 
a point within an earth mass as caused by a structure at the top (hori- 
zontal boundary plane) of that mass, has been solved, to date, in four 
different ways: (1) Subdividing the loaded area at the base of the struc- 
ture into small rectangles and replacing each of them with an equivalent 
concentrated load acting at the center of the rectangle in question; (2) sub-\ 
dividing the loaded area by ares of circles and their radii into small ele- 
ments, and replacing the latter with equivalent concentrated loads; (3) 
developing theoretical (so-called “strict”) formulas to express the pres- 
sure, pz, caused by a rectangular or circular loaded area; and (4) compiling 
tables and tracing graphs. In practically all existing methods the validity 
- of the Boussinesq formula is an assumption; in other words, the earth 
mass is considered to be an elastically isotropic body. Furthermore, only 
uniform load distribution through the loaded area is considered, with a few 
exceptions, mentioned subsequently. The writer has also proposed a method 
of determining the vertical pressure, pz, within any earth mass and under 
uniformly or non-uniformly loaded structures of an arbitrary shape.” 
For the purposes of this discussion, however, the writer’s method will be 
left entirely out of consideration. 
A characteristic representative of the methods corresponding to Item 
(1) is that proposed by Glennon Gilboy, Assoc. M. Am. Soe. C. 7 
- 4933. This method is the one most used by soil mechanics investigators 
in the United States. It yields quite satisfactory results in the case of 
uniformly loaded areas composed of one or more rectangles. A semi-graphical 
method elaborated by Messrs. Kogler and Scheidig,” of Germany, corresponds 
to Item (2). This method may be applied to both uniformly and non- 
uniformly loaded areas. Owing to certain assumptions the method furnishes 
approximate results. The group under Item (3) is the most numerous. 
The stressed condition beneath circular and rectangular uniformly and non- 
uniformly loaded areas has been studied by various investigators, and 
27 Research Associate in Soil Mechanics, School of Hng., Yale Univ., New Haven, Conn. 
21a Received by the Secretary May 8, 1937. 
28 Proceedings, Am. Soc. C. B., April, 1937, p. 669. 
2» Progress Report of the Committee of the Society on Barths and Foundations, 


Proceedings, Am. Soc. C. E., May, 1933, p. 784. 
30 Die Bautechnik, Vol. 6, p. 231 (1928). 
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pressures have been found mostly at points along the vertical center line 
of a circle or of a rectangle, as well as under a corner of a rectangle. In 
this respect, works of Boussinesq, Love,” and other theoreticians in the 
field of elasticity, are to be mentioned (also those of Professor F. Schleicher,” 
of Germany, Dr. O. K. Frohlich,” of Holland, and Professor F. E. Rel- 


ton,” of Egypt). A. E. Cummings,” M. Am. Soc. O. E., has studied, in ~ 


a comprehensive manner, a considerable number of cases of uniformly and 
non-uniformly loaded circular areas and has developed formulas to com- 
pute pressures at points along the vertical center line. Since the methods 
corresponding to Item (3) are applicable only in the case of regular, cir- 
cular, or rectangular areas, they have, as a rule, only a restricted value. 

So far as the writer is aware, there are two works to be classified under 
Item (4): That of Nathan M. Newmark, Jun. Am. Soc. C. E.,% and that 
of Dr. Wilhelm Steinbrenner,” of Austria. Both these investigators studied 
the case of uniformly loaded rectangles and computed pressures at the 
corner; Mr. Newmark has compiled comprehensive tables and Dr. Stein- 
brenner has traced ingenious graphics which permit the computation not 
only of the pressure, pz, but also of the value of the elastic settlement at 
the corner of a uniformly loaded rectangle. Although the methods of this 
group refer to rectangular loaded areas only, their particular value consists 
in their tendency to facilitate the work of the designer, placing in his 
hands such time-saving devices as tables and graphs. 

Chart Method Discussed—The work of Professor Burmister belongs to 
Group (4); but it is more applicable to actual engineering computations 
than the work of Dr. Steinbrenner which is the closest to it as far as the 
method of attack is concerned. This is because Professor Burmister’s method 
can be used in the case of a uniformly loaded structure of an arbitrary 
shape. His graphs permit the taking of readings at every foot, or, if 
desired, more closely, thus approaching the continuity of load distribution. 
The writer cannot qualify the work of Professor Burmister otherwise than 
as a correct step in the right direction; but, at the same time, he wishes 
to emphasize a few features of this method which should be improved, at 
least partly. 

The fact that, in this method, the earth mass is considered only as an 
elastically isotropic body, cannot be considered as a weakness of the method 
since the theory of the concentration factor has not been generally adopted 
as yet by all soil mechanics investigators; and yet it has been felt that 
at greater depths the Boussinesq formula holds. The method in question, 


% Philosophical Transactions, Royal Soc., Lond., Series A, Vol. 228, p. 377 (1928-29) ; 
also Theory of Elasticity”, by S. Timoshenko, p. 335 (1934) ; see, also, Bibliography given 
Se Philosophical Transactions, Royal Soc., Lond., Series A, Vol. 228, p. 877 (1928— 


* Der Bauingenieur, Vol. 7, pp. 931, 949 (1926) ; also, Vol. 14, p. 242 (19383). 
* “Druckverteilung im Baugrunde’’, 1934. 


*4 Proceedings, International Conference on Soil Mechanics and F i per- 
eeVol Lee een), i n oundation Engineer. 


*° Transactions, Am. Soc. C. E., Vol. 101 (1986), p. 1072. 
6 Circular 24, Eng. Experiment Station, Univ. of Illinois, Urbana, Tll., 1935. 


*' Die Strasse, October, 1984; also a special ublication b h j i 
“Bodenmechanik und neuZeitlicher Strassenbau”, p. 15 (1936). DT ee ne 
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however, involves some less important disadvantages of a purely practical 
character; (a) The given structure or set of footings must be re-drawn on 

_ transparent paper to the scale of the diagram (Fig. 3), and this means a 
certain loss of time; and (b), the pressures can be determined only for 

_ the depths, for which charts have been prepared. It is true that for inter- 
mediate values the pressures can be determined by interpolation; but to use 
the interpolation method, at least three pressures at three different depths 

must be found first, before it is possible to trace a curve. Two pressures 
would give only a straight line and a rough interpolation. 

A Simplification Suggested—Furthermore, Professor Burmister sug- 
gests that the re-drawn plan of the structure be pinned down at Point 
A, Fig. 3, and that the plan be revolved for making readings. This pro- 
cedure may be substantially simplified as follows: (a) Charts are prepared 
on tracing cloth; and (b), the plan of the structure ig drawn on ordinary 
paper to the scale of the chart. Fig. 14 represents the first quarter of the 
foundation layout in Fig. 4. If the vertical pressure is to be determined 
at some depth under Point A, all the footings should be referred to an 
arbitrary line, AB, passing through Point A, as follows: With Point A 
as a center, arcs are drawn through all breaks in the plans of the footings. 
Distances of each arc intersecting footings are added, using dividers to 
measure chords; for this purpose, these distances are plotted along each 
corresponding arc, starting from the point of intersection of that are 
with Line AB. For instance, Segments pq (Footing No. 4) and rs (Footing 
No. 2), when plotted upward from Line AB, Fig. 14, are represented in 
Segment mn, the length of the latter being equal to the sum, pq + Ts. 
Joining all points such as ™, Areas atb and cmd would be obtained bounded 
at the bottom by the straight line, AB, and at the top by the irregular curves 
shown in Fig. 14. The vertical pressure, pz, produced by the loaded areas, 
ath and cmd, at a particular point of the earth mass located at the vertical 
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passing through Point A, equals that produced at that particular point by 
Footings Nos. 1, 2, 3, 4, 5, and 6. To measure this pressure, the trans- 
parent chart is simply placed over the layout of the foundation, making 
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Points A of both drawings coincide (see Figs. 3 and 14); and Line AB 
of the layout (Fig. 14) is made to coincide with the basic horizontal line 
at the bottom of the chart (Fig. 3). Then readings are made along the 
upper boundary curve, of Areas atb and cmd. 

The writer has made a comparative computation using both Professor 
Burmister’s chart method and the suggested simplification. The saving in 
time obtained in the latter case can be estimated at least at 25 per cent. 
The more numerous the footings (or the buildings in the case of a built- 
up area), the more considerable will be the time saved. Such a feature 


7. 
i 


of the chart method as Table 2 should be abandoned if this simplification — 


is used. Moreover, it would be no longer necessary to pin the graph at 
Point A and rotate the plans. 

Theoretical Basis of the Simplification—The theory underlying the 
suggested simplification, may be deduced from Fig. 15. In both Fig. 14 
and Fig. 15, Point A is the projection on the horizontal boundary plane of 
Point O, at which the vertical pressure, pz, is to be determined. Loads 
P, = P, = P,, acting at different points of a circumference for which 
Point A is the center, produce equal vertical pressures, pz, at Point O (Fig. 
15(a)). This is because the values, r and z, influencing the vertical pres- 
sure, pz, at Point O, are constant for all points along that circumference. 


Horizontal Boundary Plane 


Center of the Arcs 


Q'N'c!' 6B! mM 
(6) PLAN 


Fie. 15. 


In an analogous manner, a line load of a certain intensity and of a length, 7 
(Fig. 15(a)), acting along a part of the circumference under consideration, 
may be moved to any other place on the same circumference without influenc- 
ing the vertical pressure, pz, at Point O. Furthermore, a loaded strip, abed 
(Fig. 15(b)), may be transferred to Line AB, in the form of the strip 
a’b’c’d’. The entire area, MNQ, if referred to Line AB, would be eb 


resented by the area, Q’e/M’. The construction used in Fig. 14 is based on 
the same idea. 
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STANDARD PRACTICE IN 
SEPARATE SLUDGE DIGESTION 


PROGRESS REPORT OF THE COMMITTEE 
OF THE SANITARY ENGINEERING DIVISION 
ON SLUDGE DIGESTION 


Discussion 


By Messrs. E. P. LECLERCQ, AND H. E. SCHLENZ 


kK. P. Lecterce, Assoc. M. Am. Soc. C. E. (by letter).“*“—The wealth 
of material and data collected in this report will be of useful service in 
the design, operation, and maintenance of sewage treatment plants using 
separate sludge digestion. Although the subject of sludge digestion is not 
new, relative data have never been compiled and published so thoroughly 
that, with the rapid increase within the last decade in the number of 
sewage treatment plants using separate sludge digestion, the publication 
of these data is most timely. 

A subject of prime importance to the municipality and one to be carefully 
considered by consulting and designing engineers, involves various ques- 
tions of engineering economics: Is the proposed method feasible? Are the 
additional structures justified? And is the additional cost of operation 
and maintenance justified? The quantity and quality of sludge are 
functions of the quantity and type of sewage, and these, in turn, 
are directly related to the population served by the plant, to the sewerage 
system (whether it is separate or combined), to the presence of trade 
wastes, etc. The production of gas, therefore, is dependent on the 
quantity and quality of the sludge. In some cases it has been found 
that the gas collected has been sufficient not only to operate the hot-water 
boilers for the heating necessary around the plant, but also to operate 
gas engines for the generation of power in the plant; and sometimes 


Norn.—This progress report of the Committee of the Sanitary Engineering Division 
on Sludge Digestion on Standard Practice in Separate Sludge Digestion, was published 
in January, 1937, Proceedings. This discussion is printed in Procecdings in order that the 
views expressed may be prought before all members for further discussion of the Report. 


14 With The Dorr Co., Inc., New York, N. Y. 
44a Received by the Secretary March 18, 1937. 
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there remains a surplus of power to be marketed. There is also the 


other case in which the small plant produces only sufficient gas to 
operate a hot-water boiler for heating the sludge digestion tank. It is 


apparent, therefore, that a ‘ertain limit exists beyond which a plant 
of limited size does not justify the additional expense for separate sludge 
digestion. 

Another problem that affects’ separate sludge digestion concerns the 
practice of adding garbage that has been ground into the sewage. There 


are already many plants where this method is used, and it has been- 


found that this process increases the quantity of sludge formed in the 
sedimentation tanks. Where domestic sewage is so affected by trade 
wastes as to reduce the volume of sludge formed in relation to the total 
quantity of sewage, the addition of garbage which has been ground no 
doubt will assist in maintaining an increased volume of sludge. 

In the operation of the plant, it is important to give careful and 
constant attention to the gas production, and to pressure losses through 
the pipe lines, meters, engines, etc., especially when the gas is to be 
used for power purposes. It is quite necessary to use means of protection 
against explosion and fire by keeping a careful check on losses along 
pressure lines and using suitable devices to prevent the entrance of any 
flames or the admixture of air in explosive proportions. It seems, there- 
fore, that the operation of the plant must be maintained by such methods 
that a maximum output may be obtained with a minimum of operating 
expense and the elimination of hazards. 


Corrections to be made in this report, as published in January, 1937, 
Proceedings, are as follows: On page 40, line 32, change “308 gal” to 
“306 gal’; in line 33, change “ten cities” to “nine cities”; in line 84, 
change “in the other nineteen” to “in the others”; in Table 1, replace 
all values in Column (16) by the following: “92, 50, 42, (—), 47%, 
(—), (—-), 47; 84, 100, 55, 53, 52, 57, 86, (—), (—), (—); (—), 35, 58, 
110, 43, 178, 42, 45, 70, (—), 97, 35”; on page 42, line 9 from the bottom, 
change “nineteen cities” to “twenty-two cities”; in Table 4, captions to 
Columns (15), (16) and (17), in the numerator change “Column (16)” 
to “Column (14)” in each case; on page 57, line 25, change “Figs. 2 and 
3” to “Fig. 16 and Table 15” ; In Table 9a move index reference to 
Footnotes h and ~ down one line; and in Fig. 11, change the caption 
to read “A 300-Horse Power Engine Operated by Sludge Gas, Peoria, Tl.” 


H. EK. Soutenz,“ Assoc. M. Am. Soc. C. E. (by letter).“*—One who care- 
fully studies the data reported by the Committee will appreciate the wealth 
of information which has been gathered. The members of the Committee 
have gone a long way in what they term as a “progress report” to cover 
all phases of the subject. One can not help but feel, however, that the 


* Vice-Pres. and Sales Mgr., Pacific Flush-Tank C i 
F - 0., Chicago, Ill. 
a Received by the Secretary March 26, 1937. 


ie ins 


June, 1987 SCHLENZ ON SEPARATE SLUDGE DIGESTION 1115 


- report should be dated as of 1931 or 1932 since, in the main, it covers 


the subject prior to that time. It will be agreed that a goodly proportion 


of the data is applicable at present, regardless of the reporting date; for 


instance, the data on the “Characteristics of Sewage of Typical Cities 
in the United States” is quite satisfactory for use in present-day problems. 

On the other hand tables of installations of types of digestion tanks 
as reported in Part III portray a very different picture when presented 


_ to include only installations made prior to the middle of 1931, as against 


the inclusion of those from that time until the actual publication of the 
report. A careful checking of the installations of digestion tanks of 
the separate sludge digestion type reveals the following interesting com- 
parisons. 


(a) Table 7 lists 29 installations of open sludge tanks, with stirring 
equipment of one type or another, installed prior to 1930. Since that 
time only 3 additional installations of that type have been reported. 

(b) Table 8 lists 46 installations of covered digestion tanks with rotary stir- 
ring equipment designed for gas collection, in the United States, and 6 in 
foreign countries, by including installations only to about the middle of 
1931. It appears that about 10 additional installations of another typs 
in the United States might have been included in this table. However, 
since the foregoing date there have been installations of the same type 
made at 106 cities in the United States and more than 21 in foreign 
countries, including projects under construction. 

(c) The report mentions only 3 cities using tanks equipped with floating 
covers. Since that time there have been installations of digesters equipped 
with floating covers in 149 cities in the United States, including projects 
under construction. 

(d) The report projects itself into some of the more recent digestion 
installations by merely mentioning that there are about 30 cities in the 
United States that have multi-stage digestion tanks under construction. 


A rough summary indicates that since the middle of 1931 there have 
been installations or projects being constructed with modern digestion 
equipment, arranged for gas collection, in at least 285 cities in the United 
States, as compared with the total of about 56 which might have been 
listed prior to the middle of 1931. 

Therefore, since the time of the data on installations presented in the 
report there has been a fivefold increase in the number of this modern 
type of digestion installations; therefore, one would expect that certain 
phases of separate sludge digestion have changed materially in the past 
five years rendering the report somewhat out of date as far as practice 
in the United States is concerned. 

It is believed that mention might reasonably have been made of some 
of the large plants constructed since the compilation of the tables of 
installations included in the report. A few of the larger installations include 
Cleveland, Ohio, with twelve 95-ft hexagonal digesters (the largest heated 
digestion plant in the United States) and six 51-ft circular digesters; 
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Baltimore, Md., with two 100-ft circular units; Atlanta,’ Ga., with four 


: 


t 


plants with a total of six tanks 90 ft in diameter, two tanks 55 ft in 


diameter, and two tanks 30 ft in diameter; Appleton, Wis., with four 
tanks 70 ft in diameter; Ann Arbor, Mich., with two tanks 65 ft in 


diameter; Monroe, Mich., with two tanks 60 ft in diameter; and Denver, 


Colo., being constructed with four tanks 85 ft in diameter. 

Under the discussion of gas production from sewage sludge the average 
heat value of gas from the installations reported in Table 3 is given as 
730 Btu per cu ft. This value is quite misleading since the average is 
taken from a number of unrelated sources. A more complete analysis of 
Table 3 indicates that (a) the average for gas from the eight reported 
separate sludge digestion plants in the United States is 652 Btu per cu ft; 
(b) the average for gas from the three reported Imhoff plants in the United 
States is 792 Btu per cu ft; and (c) the average for gas from the seventeen 
reported separate sludge digestion plants in Europe is 738 Btu per cu ft. 

It will be noted that the gas from the Imhoff tank plants and European 
separate digestion plants largely influenced the reported value. A study 
of a large number of separate digestion plants in the United States indi- 
cates the production of gas with heat values of between 600 and 700 Btu 
per cu ft, with a general average of about 650 Btu per cu ft. 

Gas from Imhoff tanks is higher in heat value, due largely to the 
absorption. of carbon dioxide from the gas by the flowing sewage, giving 
a resulting higher methane percentage. 

It is equally true that the data in Table 4 should be segregated to group: 
(a) Separate digestion plants of the United States; (b) separate digestion 
plants of Europe; (c) Imhoff tank plants of the United States; and (d) 
Imhoff tank plants of Europe—so that true averages of the various values 
might be drawn. 

A recent study made by the writer, of data from a large number of 
plants, indicated that one might reasonably expect a production of from 
9 to 12 cu ft of gas per Ib of volatile solids added to a separate sludge 
digestion tank, with an average of about 10 cu ft per Ib of volatile solids 
added, or from 17 to 19 cu ft of gas per Ib of volatile solids destroyed. 

It is believed that a study of the more recent digestion plants will 
show gas productions from heated digestion plants to average more than the 
value of 0.61 cu ft per capita per day, as summarized from Table 4. 
The value, will range more nearly between 0.7 and 1.0 cu ft per capita per 
day. It is further believed that gas production data of the five years 
since 1932 are more reliable, due to experience which has been gained 
in preventing gas leakage from digesters, more widespread use of meters 
built especially for measuring sewage gas, and the provision of more com- 
plete digester operating control and compilation of records. 

Comparisons of a number of separate sludge digestion plants indicate 
that it is desirable to consider the loading of volatile solids per cubic foot 
of sludge digestion capacity per period of time, at the same time that the 
quantity of gas produced per pound of volatile solids added is discussed. 
The combination of the two factors gives a value for the gas production 
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in cubie feet per cubic foot of sludge digestion capacity per period of 


time, thereby giving a true index to the effectiveness of the digestion in 


the installation being considered. 
Under the discussion of temperature, it is believed that a very im- 


portant consideration which should be taken into account in selecting an 


operating temperature is the greater sensitiveness of the process when 
digestion is carried on at the higher temperature range in the neighbor- 
hood of 130° F, as against the normal temperature range at 80° to 90° F. 

Fig. 7, showing the cross-section of a digester, indicates a bottom slope 
of almost 1 vertical in 2 horizontal. Although such steep slopes might 
have been common in 1931 due to the influence of Imhoff tank design, it was 
soon found that, with heated digestion tanks, very much flatter slopes might 
be used. Tanks have operated successfully with bottom slopes of 1 vertical 
in 12 horizontal. Bottom slopes of 1 on 5 or 6 are most commonly used at 
present for heated tanks due to the nature of the digested sludge and the 


activity in the tank which promotes a definite circulation of the contents. 


An analyses of the utilization and sale of gas at sewage treatment works 
at the present time (1937) would make it possible to enhance the useful- 
ness of Table 9 greatly. It is possible now to refer to a considerable num- 
ber of plants in the United States utilizing gas for power purposes— 
making it unnecessary to rely for data upon so great a proportion of 
foreign installations. For example: 


Place ice Place ene, 
Springfield, Ill.*...........- 157 bitebfield, Tis. act. Jone oe 80 
Los Angeles, Calif........... 200 Dixon, . UF Aees eee aU. 
Cedar Rapids, Iowa.......-. 300 Ta Oroeses* Wisi 2k. eset ce LoU 
en GsVilleae Wiss «ee as sees e te BO Chicago Heights, Ill......... 125 
127) at oe 0) Eee eee 835 Atlanta, Ga. (Intrenchment 
Topeka, Kans.......--.-.-.- 360 Creeks (2s cee Cor eul. 
Coney Island, New York.... 900 Atlanta, Ga. (Clayton Plant, 

Ann Arbor, Mich............ 120 approximate) ..........-- 600 
Richmond, Ind.............. 120 Durham, NOs. sic sade ogee O00 
Edwardsville, Ill........-.-- 15 Fort. Atkinson, Wis... ....%—~ 40 
Sheyboygan, Wis....-.--.--- 240 Rockville’ Center, 7N/ "Vie. ae ane 
Green Bay, Wis.....-.----.- 210 Grand Rapids, Mich........ 50+ 
Binhurse Wile. oie... we" 80 Nuva © Lees. ee wc erage ote 140 
Honomnem Inds elas sree. FAD District of Columbia. ....... 1200 
Hutchinson, Kans..........- 90 Madison, Wiss sneee ems. e ezoU 
Hewamee. Ul)... 2g. ca.) 80 Monroe; Wises: sean ot on het oO 
PU chiens Kans. 0s sb tew. 10 Escanaba, Mich............. 15 


Considerably more might be said regarding explosion hazards in con- 
nection with digestion tanks and gas-burning appliances. The need 
of flame traps or protective devices should be mentioned and emphasized. 
The arrangement of control chambers to give the utmost protection to the 


16 T,isted incorrectly in Table 9: 
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‘ 
operator, so as to eliminate the retention of suffocating and toxic gases, 
should be given careful consideration by the designer and by those 
charged with the approval of such designs. Ground-level entrances rather 
than tunnels are to be preferred. Fig. 17 shows a popular and proper 
arrangement of a control chamber and entrance. 


Fic. 17.—ARRANGHMENT OF CONTROL CHAMBER AND ENTRANCE TO GIVE GREATEST PROTEC- 
TION TO OPERATOR FROM TRAPPED GASES. 

In connection with the computation for tank capacity as given 
in Part IV of the report great reliance is placed in certain assumptions. 
For instance, the value, f., used to denote the time required for substan- 
tially complete digestion is arbitrarily defined as the time required to 
reduce the volatile solids by 75 per cent. A compilation of calculations 
made of the percentage reduction of volatile solids by digestion at a 
number of existing plants indicates that the original content of volatile 
solids greatly influences the percentage reduction of such solids to obtain 
a well-digested sludge. The curve shown in Fig. 18 indicates this rela- 
tionship (see, also, Table 25). <A sludge with 60% of volatile solids, 
when added to a digester, need only have its volatile solids reduced 
approximately 46% to produce a resultant digested sludge as stable as 
a sludge of original content of 75% volatile solids, which has its volatile 
solids reduced 75% by digestion. The curve in Fig. 18 was produced 
from actual plant data using values based upon each operator’s judg- 
ment as to the time for the drawing of what he determined to be a 
sufficiently well-digested sludge. 

Many values have been given regarding the limits of the daily addi- 
tions of raw solids to a digester. One may refer to actual large-scale 
operating plants to arrive at some indication of loadings of raw solids 
that may be successfully handled. At the Cleveland (Ohio) Westerly 
Plant it was found possible to load the digestion tanks to the extent 
of 5.6 Ib of total solids (dry basis) per 
period, or 4.5 lb of volatile solids per cu ft of tank contents per 30- 
day period. These values are equivalent to allowing 5.36 cu ft of tank 


la 


om 


cu ft of tank contents per 30-day 7 


oe 
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~ volume per lb of total dry solids added per day, or 6.67 cu ft of tank volume 
per lb of volatile solids added per day. 
as 100 


~ TABLE 25.—Source or Data; 
Repuction or Sonips sy DicEstion 90 
ees 
Be 2 
Ss 3 80 
Ae 
City Time of test mas 
Bo = 
6 ree 
Zz rape 20 
2g i CS 
SS (1) (2) a 
y i} 
ae Birmingham, England....| ............... 44 = 60 
PRN HTIAGEl HIS, (Aste... eyiel|| a iel ve see ere seine Ad) 5: 
3) || Hurlock, Md...) . 2... | ces seeet eee 38 OG o- 
4 | Grand Rapids, Mich..... 1931 47 & 
5-| Aurora, Ill.............. August, 1931 45 = 50-1 
at 6 lyria, Ohio August, 1931 AG Sass 
7 | Springfield, Ill.. ...| August, 1930} 41 © 
8 urora, Ill..... ...| September, 1931 44 
9 lainfield, N. J Angust, 1930 | 50 
10 | Elyria, Ohio.... Le 19314 43 40 
11 | Cleveland, Ohio*........ i 1933 49 
12°) Durham, N.C.......:.. February, 1936, 42 
13 | Janesville, Wis.........- July, 1936 | 47 
14 | Janesville, Wis.......... 1935-1936t 50 
30 
30 40 50 60 70 80 
* Westerly plant. Percentage Reduction of Original 
igh. Volatile Matter when Sludge is Ripe 
t Average, 1935-1936. Fic. 18.—Repucrion or Souips By DIicEs- 
TION, DXPRESSED IN TERMS OF VOLATILE 


Soups. 


Z Loadings for shorter periods of time may be considerably greater. The 
curve in Fig. 19 shows the loadings of raw solids at the Cedar Rapids 
(Iowa) plant for various periods of time based both on total solids and 
volatile solids. The values taken from Fig. 19 show an allowance for 

daily additions of raw solids differing greatly from that which might be 
obtained from an arbitrary value as reported, such as the “ratio of volatile 
solids added daily, not exceeding 83% to 5% of the volatile solids remaining 
in the tank.” However, one must assume that proper digester control to 
allow maximum loadings requires frequent withdrawals of small quantities 
of digested solids from digestion chambers. 

In connection with the “Operating Routine of Sludge Digestion,” as 
reported in Part VI, a number of observations are in order, as follows: 
In placing separate digestion tanks in operation it has been found 
that the heating of the tank contents close to the optimum digestion 
temperature (using outside sources of heat) results in accelerated starting 
of the digestion and eliminates an overloading of solids and a “foaming” 
period. This initial heating can generally be accomplished economically 
and more easily than obtaining material for seeding. 

; The report indicates that there js considerable difference of opinion 
regarding the stirring of the contents of a digester; but then it dis- 
cusses only one side of the question. On the other hand, it should be 
realized that in the modern heated digestion tank quite a violent action 
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takes place with resultant natural and selective circulation of the tank 
contents. ‘The main reason for considering the separation of digestion 
into two stages is to be able to obtain a better supernatant liquor from the 
less active second stage, showing that the activity in a digester is more 
than sufficient without additional stirring to distribute raw solids through- 
out the tank and maintain a favorable reaction. As solids approach com- 
plete digestion and do not produce excessive “gas-lifting activity” they 
gradually segregate to the lower part of the digester where they are 
ready for withdrawal. Stirring by external means tends to disturb such 
solids, which normally should remain at the draw-off point, substituting 
some partly digested material that is withdrawn prematurely. 


350~s LEGEND 

a : 
S 14 C] Digester No. } Total Solids 7 
= £ » Digester No. 2 3 
0 300-© (Volatile Solids in Raw Sludge s 
3 21 Average 76.7 %) 3 
= 3 s+ 
<x a N 
— 250-8 3 
° a) a 
2 E 
ry 2 ire 
00 3 na 
© 200-5 3 
~ ‘a: oO 
c w aS 
o uv ov 
°o = > 
®.150-© z 
(eet 3 
2 = 
~~ - 
a wo 
100-5 § 
os 
Ss 

50- 
0- 


0 
(0) 5 10 15 20 25.475. 2/30) 35 40 45 50 
Period, in Days 
Fie. 19.—Curves For CEDAR RAPIDS, IowA, SHOWING ACTUAL LOADING OF 


Raw SLUDGE SOLIDS, EXPRESSED AS POUNDS DRY WEIGHT ADDED PER 
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There appears to be a decided tendency toward the practice of pro-— 
viding quiescent settling for supernatant liquor taken from digestion tanks, 
returning the solids to the digester and the clarified liquor to the raw 
sewage of the plant. This is especially true where digesters are operated 
with high solids loadings per cubic foot of capacity. 

In addition to the statements made in the report, it has been indi- 
cated that “foaming” may generally be the outward appearance of a 
digester undergoing active digestion following a period of building up of 
solids during retarded digestion. Many times, the addition of lime will 
aggravate the condition by increasing the activity. For such a condition 
the removal of sludge from the tank to start the tank anew is not the — 
logical solution. It is most desirable to lighten the loading of additional 
raw solids, draw sludge in small quantities at frequent intervals, and 
keep the gas-vent areas free for the easy escape of the gas. 
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RAINFALL INTENSITIES AND FREQUENCIES 


Discussion 


By Messrs. J. O. JONES, CHARLES W. SHERMAN, GLEN N. Cox, 
GARRETT B. DRUMMOND, EUGENE L. GRANT, ADOLPH F, 
MEYER, AND CLINTON L. BOGERT 


J. O. Jones,“ Assoc. M. Am. Soc. C. E. (by letter).““—A method of 
increasing the size of the sample of excessive precipitation data for storms 
of short duration (not exceeding 120 min) is described in this paper. The 
writer agrees that there is no single station record long enough to give 
what may be regarded as a fair sample of the total “population” of such 
data. In any statistical study of chance events the methods of statistics 
assume that an unbiased sample is available. The authors are to be 
congratulated for a fine contribution to a difficult and important subject. 

Tt may be a debatable question whether it is permissible to combine 
the records of stations widely separated geographically, unless the rainfall 
characteristics are similar in other respects. As an extreme example, one 
would scarcely feel justified in combining the record of a station in Assam, 


TABLE 11.—RartnraLL CHARACTERISTICS, Srate or Kansas 


——— 


4 Average Average ratio Average ratio 
Division coefficient of the minimum | of the maximum 
of variation to the mean to the mean 
> 2 SS es 
ISIE, sonora see UDO Ba eae UPD oy acl 0.21 0.60 1.50 
Bsns ails dataters ote 4, cesta ePenensiere ewarelarys= dof 0.25 0.55 1.63 
ANGSEELTL o. ocs ere a bee ce eye eminent Ho ew ee 0.28 0.49 1.72 


(where the warm southwest monsoons from the Indian Ocean coming in 
eontact with the Himalayas produce precipitation of from 400 in. to 800 in. 
per yr) with that of Boise, Idaho. 


Norpn.—The paper by A. J. Schafmayer, M. Am. 
Bsq., was published in February, 1987, Proceedings. 
published in Proceedings, as follows: April, 1937, by Messrs. 
L. K. Sherman. 

14 Prof. of Hydr., Univ. of Kansas, Lawrence, Kans. 


14a Received by the Secretary, March 20, 1937. 
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TABLE 12.—Frequency or Excessive PRrEcIpITaTION 


NumBer or OccuRRENCES 


2 2 |g 
Inches of OH/eg S$i5|]2 3 
rainfall Q 3 8 = . 8 g 
Q ° AS} a op q i= 
dq a S ao] ° 
3 ° i) 
i A 
(1) (2) | (3) | (4) 1 @) 1@ 1(@ 1 (8) 
(a) Frvz-Minurn Duration 
OWADG Reales STATIN 23) 18 13 7 99 
OSDIB ae ates 54 | 60 | 54 | 60 | 37 | 28 293 
WO NAAD aie ohne 59 | 70 | 60 | 50 | 43 | 40 322 
OL2TO ose 3: 7 | 61 | 36 | 38 | 22 | 19 223 
OSS 20 onto sss. 26 | 24 | 34 | 23 | 12 | 21 140 
DZBV Dis, se leie’ ace 14 | 21 9 | 10 8 6 68 
AAD crete 0% obs 4 8 | 10 7 5 7 41 
0.475....... 4 6 4 3 6 2 25 
OR OZOr ce cand 5 1 3 2 3 3 17 
OUBT Geet. oie 2 1 0} 3 1 1 8 
OO2Bwieciete e's 1 pO ae 0 0 2 
DACY (58 ae Dahes 0 0 1 
DATZES ne oslo Onies 1 1 2 
OEY SERA ea Op [sea] Beewllee 0 
OVS 2B ave ais,5 ave be as 1 
OSS tree vtis ORs 0 
0.925....... OFline (8) 
O8975 foie ss bes 1 
i : ; 1 243 
(6) Tmn-Minurs Duration 
OVE Gia Ss ici0 OS) 1 1 CULT Encore tae lohee |. Je) kode wal 
07228 es cams 1 TS T5  LO Ni 7 eo 68 
Os 275.4630 s5 42 | 28 | 27 | 23 | 15 | 14 149 
WEVisee Betoe 39 | 59 | 46 | 51 | 37 | 27 | 259 
OSS Y (Re eae 36 | 47 | 39 | 31 | 22 | 27 202 
0.425....... 25 | 31 | 32 | 19 | 24] 13 144 
OLEATE Aes 5 165). A917) 17 [12 8 91 
OSB2B ti nk es 3 30 | 12 | 16 5 tf 103 
Way di 4 Rae 9;/10|16) 5} 4] 5 49 
O. 626 Feiss -<12 Gilera] tadcienGy tare: pmo 37 
0.670 ne S65 al Ral ath ies Sl fe 36 
OST 2D ea iseree 2 6 5 5 3 5 26 
(Mi in Seno Qiao 1 4] 2 1 13 
OL825e5s eens 2 8) 4) 3 1 3 16 
OV STG 0:63.05 01 3} 2 1 1 0 1 8 
OO 25 his 1 1 3] 2 1 8 
On975n cers acs 2 2 3] 0 v4 
LOLs 1 0 2.) 0 3 
L507D doce’ 1 1 0 2 
Lel2b es ek il 0 0 1 
ne dyer eae 0 1 1 
DOOD ithe cles 0 0 
VE27 Des seis, 0 0 
POZO eae sls. 0 0 
AEB IOleeasers 1 1 
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It does seem reasonable to combine the records from a small area, such 
as the Sanitary District of Chicago, or even an entire State, where the 
rainfall characteristics are similar over the State. This the writer has 
done for the State of Kansas. There is some difference in the rainfall 
characteristics of Eastern Kansas when compared with the western part of 
the State. The average annual rainfall varies from about 174 in. in 
Longitude 101° to 40 in. in the southeast corner of the State; but the 
time of occurrence is similar, being greatest in the warm months. As 
regards annual rainfall, the coefficient of variation and the coefficient of 
skew are not greatly different for the eastern as compared to the western 
part of the State. For forty-two stations in the Eastern Division, thirteen 
in the Middle Division, and eleven in the Western Division, the average 
coefficient of variation, the average ratio of the minimum to the mean, and 
the average ratio of the maximum to the mean is as shown in Table 11. Thus, 
it appears that the annual rainfall is less and more variable in the western 
part of Kansas. The differences in the statistical parameters, however, are 
not great. The monthly distribution is similar over the State, although the 
total depth, month by month, is greatest near the eastern border. 

In view of the foregoing, it seems permissible to combine the records 
of excessive precipitation for the five U. S. Weather Bureau stations within 
the State, together with Kansas City, Mo., which is on the eastern border. 
The lengths of the records included in the study are: Concordia, 1908 to 
1929; Dodge City, 1892 to 1929; Iola, 1906 to 1929; Kansas City, 1899 
to 1929; Topeka, 1899 to 1929; and Wichita, 1903 to 1929—a total of 167 
station-yr. These data include all storms for which the depth of precipita- 
tion is equal to or exceeds the quantities given by the authors in Table 3. 
From the records the frequencies in Table 12 were compiled. The values 
given in the left-hand column, “Inches of Rainfall,” are the central values 
of groups; for example, for rainfall of 5-min duration, the depth, 0.275 in. 
includes all values from 0.25 in. to 0.29 in., 0.275 in. being the central value 
of the group. 

From the data in Table 12 the usual statistical parameters were cal- 
culated for each station separately, with the result shown in Table 13. 
The remarkable agreement among the several stations, for the several dura- 
tions, as regards the mean and the coefficient of variation, indicates that 
the data for the several stations are comparable. The somewhat greater 
variation in the coefficient of skew is not particularly significant consider- 
ing its relatively large probable error when the coefficient is large and the 
sample is small. 

The coefficient of skew for the Kansas City data is greater than the 
average of all the stations for all durations except those of 5 min and 100 


min. This is the effect of a single storm, August 3, 1906, which was an 
unusual one. 


we 
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TABLE 13.—Excessive Precipiration in Kansas, 
U. S. WeatHer Bureau Stations 
(4 = Mean intensity, in inches per hour; ¢ = coefficient of variation; 
Cs = coefficient of skew.) 
City a Cv Ca i ry Ca t Cy Cs 
5-min 10-min 15-min Hy 
Kaneas City..... 3.06 0.37 1.15 2.54 0.39 1.68 2.24 0.39 1.93 
LAR ete eee 09 0.43 2.31 2.57 0.39 1.86 2.19 0.39 1.55 
opekak...<... 3.04 0.33 0.89 2.51 0.33 1.04 2.16 0.33 1.16 
Dodge City...... 3.07 0.41 1.45 2.53 0.42 1.53 2.29 0.39 1.28 
Concordia....... 3.19 0.37 1.42 2.65 0.39 eel 2.29 0.42 1.51 
Wichita......... 2.96 0.37 1.23 2.52 0.38 1.18 2.22 0.39 1.24 
Average........- 3.07 0.38 1.41 2.55 0.38 1.43 2.23 0.38 1.44 
20-min. 30-min 45-min. 
Kansas City..... 2.00 0.41 1.89 1.78 0.44 1.58 1.57 0.48 2.12 
Kolaeeese ts... 2.00 0.38 1.47 1.76 0.38 1.40 1.52 0.37 1.54 
Topeka.......... 1.94 0.33 1.25 1.72 0.35 1.24 1.55 0.37 1.52 
Dodge City...... 2.09 0.38 1.20 1.84 0.35 0.88 1.67 0.36 1.64 
Concordia....... 2.12 0.41 1.19 1.89 0.38 0.96 Lear 0.46 1.42 
Wichita......... 2.01 0.37 itty, 1.88 0.35 1.02 1.78 0.39 0.55 
Average........- 2.03 0.38 1.35 1.81 0.38 1.18 1.64 0.40 1.46 
60-min 80-min 100-min 
Kansas City..... 1.58 0.47 1.86 .39 0.50 .06 1.45 0.47 1.02 
[GR aiGy eae er 1.36 0.38 1.65 1.30 0.32 1.06 1.02 0.31 Tee 
Topeka....-....| 1.42 0.36 1.50 1.32 0.31 0.89 vas a oa: 
Dodge City...... 1.55 0.40 1.42 es as bie 
Concordia.....-. 1.47 0.52 1.54 
Wichita......... 1.69 0.34 0.19 
Average......--- 1.51 0.41 1.36 1.33 0,38 1.34 


When the records of the stations are combined the result given in Table 
14 is obtained. A typical histogram and frequency curve is shown for the 


5-min duration in Fig. 9. The frequency curve is fitted to the data by 
Pearson’s Type III curve.” 


TABLE 14.—ExcrssivE PRECIPITATION ; SumMary orf STatisTicAL PARAMETERS, 
Kansas Data 


. Average . 5 
Duration, : chatese Coefficient Coefficient 
Total pie aon z in saaitens ce We a iieay of variation of skew 
t * y Cv 8 
1 
(2) (3) (4) (5) 
5 3.05 0.382 ieae 
10 2.56 0.366 1.69 
15 2 2h 0.385 1.50 
20 2.00 0.377 1.42 
30 1.80 0.379 1.43 
45 1.66 0.392 1.68 
60 1.50 0.407 1.67 
80 1.40 0.402 1.58 
100 1.38 0.410 1.43 
120 1.24 0.338 0.24 
0.386 1.55 


* The average does not include the 120-min. duration, because of the small total frequency. 


15 Transactions, Am Soc. Gye bP VOL. LXXXVII (1924), p. 148. 
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Using the average intensities, 7 (Column (3), Table 14), and the average 
values, cy = 0.386 and cs = 1.55, the ogive curves, Fig. 10, were constructed 
by the use of Foster’s skew factors.” The “raw” data for the 5-min duration 


-“* 


300 


| 
j & 
- 200 | 
vy > 
= | 
: e | 
v = 
oc 
, 2 3 3 
nf i Fl £ 
i a) & 
a 100 3 o! 
‘ ' ul fT 
cu i= 
{ 3S 3 
> = =| 
; 
| 
: | 
, 0 I +10 +11 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 
‘ Inches of Rainfall, d 
43 Fic. 9—EXcCESSIVE PRECIPITATION IN KANSAS; INCHES or RaAIn- 
. FALL IN 0 MinuTES; U. S. WearHer Bourpau Srarions. 
iS is compared with the ogive curve obtained by the use of Foster’s skew 
AS 


factors, and with the curve obtained by the use of Pearson’s Type III fre- 
quency curve, in Fig. 11. No comparison was made with the “raw” data 
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for the other durations. The labor of computing the ogive curve by means 
of Pearson’s equation is prodigious. An examination of the method used by 
Foster”, in deriving his skew factors for the Type III curve, leaves one with 
_ the conviction that the ogive curve, obtained by the application of the skew 
~ factors, will agree closely with that obtained from Pearson’s equation, as it 
does for the 5-min duration. 


Raw Data 


0.4 ——— Pierson’s Type III 


Inches of Rainfall in 5 Minutes 


1 2 5 10 20 30 40 50 60 70 80 90 95 98 99 99.8 99.9 99.99 
Percentage Chance of Less Rainfall 


Fic. 11.—Comparison oF Raw Data WITH Fostrer’s Skew FAcTORS AND PEARSON’S | 
Typr II] FREQUENCY CURVE. 


Equations 18(a) to 18(g) yield results which agree closely with Meyer’s” 
equation for his Group 3; but a comparison with the results from the ogive 
curves is difficult. It depends upon what ig meant by the term, “frequency”. 
To state that a rainfall has a frequency of “once in 100 yr” does not neces- 
sarily mean that it has a 1% chance of occurring. There is some danger 
in assuming that because a certain maximum intensity has only been 

- recorded once in 100 station-yr it, therefore, has a frequency of once in 
100 yr. At Topeka, for the 5-min duration, an intensity of 6.9 per hr was 
experienced only once prior to 1929. In the interval, 1929 to 1935, in- 
clusive, an intensity of 6.9 in. per hr was experienced once, and an 
intensity of 8.0 in. per hr was experienced once. Thus, prior to 1929 an 
intensity of 6.9 in. per hr had a frequency of once in 30 yr, but by the end of 
1935 that intensity had a frequency of once in about 12 yr. Of course, by 
taking a large number of station-years such absurdities are “ironed out”. 

It would seem to be more logical to apply the methods of statistical 
analysis to chance events, and some statement involving the term, “per- 
centage chance”, would be preferable to the term, “frequency”, as commonly 
used. To illustrate, there are on the average about four excessives per 
year, of 15-min duration, at Dodge City, whereas, at Topeka, there are on 
the average about eight. For any one of these excessives there is a 50% 


11 Transactions, Am. Soc. C. E., Vol. LXXXVII (1924), pD. 159 et seq. 
18 Hydrology,” by Adolph Meyer, M. Am. Soc. C. H. Oe 
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chance that it will exceed 2.0 in. per hr; a 10% chance that it will exceed 
3.8 in. per hr; a 1% chance of 5.1 in. per hr; and 1 chance in 1 000 of an 
intensity of 6.7. 

The Talbot formula has long been a favorite, because of its simplicity. 
and its successful use in design. Considering the paucity of data at the 
time it was first proposed, it has given remarkable results in the design 
of storm sewers. It is not a good ‘fit”, however, to the record of a single 
storm. It can be stated in the form, 


ot = A —.1B «ise bisheywie.S aida gin DeLana eel 


in which it (intensity times duration) is the y-variable and 7 (intensity) 
is the 2-variable. In this form, it is the equation of a straight line, A being 
the intercept on the y-axis and B, the slope of the line. In Fig. 12 is 
shown the intensity duration of the four greatest storms that have been 
recorded at Kansas City. Only one of these storms, that of September 6 
and 7, 1914, is a good approximation to a straight line. The storms of June 
8, 1910; and September 15, 1914, approximate a straight line if the 5-min 


and 10-min durations are omitted. 
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Fig. 12.—ExXcussive PRECIPITATION, KANSAS City, Mo. 


The result is little, if any, better when the combined data of several 
stations are considered. In Table 15 is listed the twenty greatest intensities 
from the record of 167 station-yr for the State of Kansas, arranged in 
order of magnitude without regard to the location of the station. These 
data, when plotted as in Fig. 12, are irregularly curved lines until the high 
orders of magnitude are reached. 

, ~The writer is forced to the conclusion that attempts to generalize, 
in the form of an algebraic equation, are futile as far as conditions in 
Kansas are concerned. Formulas are convenient, and, in the hands of an 
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TABLE 15.—Maxtmum Intensities or Rarrauy in Kansas, ARRANGED IN THE 
OrpvER OF MAGNITUDE 


Duration IN MINUTES 

5 10 15 20 30 45 60 80 100 120 
VOR ee tera armen Coe 11.64 | 8.22 | 6.60 | 6.45 | 6.14 | 5.47 | 4.74 | 4.09 3.44 | 2.26 
De away aria ction iiss hae faasteus 9.60 | 7.08 | 6.40 | 5.55 | 4.58 37 | 3.52 | 3.20 | 2.92 | 1.75 
Stn CO ee Apocine 9.12 | 6.72 | 6.28 | 5.22 | 4.54 | 3.93 | 3.47 | 2.56 21260 
Ce LA rec ere oe wa 8.40 | 6.54 | 6.20 | 5.10 | 4.26 | 3.68 2.96 | 2.42 | 2.11 | 1.58 
Py Me nts cereaeen feaeie ates 7/30 | 6.30 | 5.84 | 5.07 | 3.98 | 3.51 | 2.93 | 2.37 1.92 | 1.56 
Oe rie tia, Athair sss 7.68 | 6.18 | 5.48 | 5.04 | 3.84 | 3.51 | 2.92 2.34 | 1.85 | 1.50 
i Soh oe ORS cupiic cirese nce 7.20 | 6.12 | 5.32 | 4.89 | 3.80] 3 36 | 2.81 | 2.25 | 1.85 1.46 
rahe oeterccetine ous nthe: 6.96 | 6.12 | 5.24 | 4.80 | 3.78 | 3.31 2.73 | 2.19 | 1.79 | 1.44 
GREETS pens Sitar tie 6.84 | 5.94 | 5.20 | 4.65 | 3.72 | 3.24 | 2.65 | 2.13 2.72) 1.42 
Oe Se Sees sae eae 6.84 | 5.70 | 5.16 | 4.62 | 3.68 | 3.16 | 2.65 912 |) 1567, ) 1-226 
ies ied eg Ae Rea 6.84 | 5.70 | 5.08 | 4.41 | 3.66 | 3.15 | 2.64 | 2.11 1.64 | 1.23 
ee ncaa etches lor everata ces eye 'e 6.72 | 5.70 | 5.00 | 4.41 | 3.64 | 3.05 2.56 | 2.06 | 1.61 | 1.22 
1 eer oe ieee aie 6.72 | 5.70 | 5.00 | 4.29 | 3.64 | 3.04 | 2.55 2.03 | 1.58 | 1.15 
(Aes, ahedeievs, +, < statele. eee 6.60 | 5.70 | 4.92 | 4.29 | 3.64 2.95 | 2.50 | 1.94 | 1.58 1.02 
1 bee ett wg eos siete es ot 6.60 | 5.70 | 4.92 | 4.14 | 3.56 2.93 | 2.44 | 1.90 | 1.55 0.97 
ie eae tre Spree 6.48 | 5.70 | 4.72 | 4.08 | 3.56 | 2.93 | 2.43 1.88 | 1.52 | 0.97 
ie OST aa See 6.48 | 5.64 | 4.72 | 4.08 | 3.54 | 2.92 | 2.40 1.88 | 1.47 | 0.92 
TUE & ou Fete) Ae an ae Pera 6.48 | 5.58 | 4.64 | 4.05 | 3.50 | 2.91 | 2.38 1.87 | 1.41 | 0.79 
ie ia © ee Se ra aE 6.48 | 5.58 | 4.52 | 3.96 | 3.44 | 2.89 | 2.37 1,85 | 1.41 | 0.68 
Gib Se AR eae meee iets 6.48 | 5.46 | 4.52 | 3.96 | 3.40 | 2.84 | 2.30 1.84 | 1.39 | 0.66 


expert, may serve a useful purpose, but they appear to be so easy to apply 
that they are likely to lead to absurd results in the hands of the inex- 


perienced. It would seem that the histogram or the ogive curve ig pre- 
ferable. 


Cuargtes W. SHERMAN,” M. Am. Soc. ©. E. (by letter).°°—The writer 


is particularly impressed by the almost unqualified faith of the authors 


in the assumption that the total number of station-year records may be 
used in studies of frequencies without regard to the matter of geographical 
locations, topographical conditions, or meteorological eycles. 

Perhaps the first extensive use of combined records from various 
stations appeared in Part V of the Technical Reports of the Miami 
Conservancy District, entitled “Storm Rainfall of Eastern United States,” 
which appeared originally in 1917. Quoting from the 1936 edition of this 
report: 


“In order to utilize all existing records that possessed any value, even 
though they differed materially in length, a method was adopted which may 
be explained as follows: 

“Assume a number of rainfall stations, say, five, located within an 
area possessing uniform rainfall characteristics. At station A complete 
records have been kept for a period of 70 years; at station B, for 40 years; 
at station C, for 60 years; at station D, for 80 years; and at station KE, for 
50 years; the aggregate of the period of records or sum being 300 years. 
Treating this aggregate as a single record for the area under consideration, 
it may be said by the above definitions of frequency, that the highest 


_yainfall intensity recorded in the entire period has occurred with a 


probable frequency of once in 800 years.” 


Cons. Engr. (Metcalf & Eddy), Boston, Mass. 
wa Received by the Secretary April 5, 1937. 
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The most important words in this description are “located within an 
area possessing uniform rainfall characteristics.” Too many studies have 
been made in which the writers have totally lost sight of this qualifica- 
tion, and the authors appear to have given little consideration to this 
requirement when they combined in their studies the records of stations as 
far apart geographically as Boston, Mass., Dodge City, Kans., Knoxville, 
Tenn., and Yankton, S. Dak. The topography and climatological con- 
ditions affecting quantities and intensities of rainfalls within this wide 
area vary so much that there is grave doubt whether a combination of 
the records is of any significance whatever. 

Indeed, it may be noted that stations located only a few miles apart 
may be subject to such different conditions that it would be distinctly 
improper to combine the records. For instance, data relating to rain- 
fall intensities at the summit of Mt. Washington, in New Hampshire, and 
at a point perhaps not more than 20 or 30 miles distant at a much lower 
altitude, certainly should not be combined. It is questionable also how 
far the records of several stations located within a district measuring not 
more than 10 to 15 miles in any direction should be combined in any 
analysis of frequency. Records from such gages are of great importance 
in studying the extent of the area covered by intense rains”; but that the 
records of ten such gages which have been maintained for 10 yr could be 
of equal value to a similar record of a single gage for 100 yr in any 
study of frequency, obviously is impossible. 

Another item which is fully brought out in the foregoing quotation, 
but perhaps not emphasized as much as it should be, is that the record at 
each of the stations from which data are proposed to be combined, should 
be of considerable length. The typical example quoted relates to five 
stations, with a least period of record of 4 yr. Granted that the topo- 
graphical conditions are such that rainfalls of like frequency and intensity 
may occur at each of these several stations, there can be no question 
that the combined record of the five stations is of much more value 
than that of a single station. If, however, the combined record totaling 300 
yr in the example given, were based on 50 stations having an average 
length of record of 6 yr per station, and perhaps ranging from 1 yr 
to 20 yr at the different stations, the combined record would be of 
little greater value than that of the single station having the longest 
record. 

A paper” presented by the late David L. Yarnell, M. Am. Soc. C. E., 
which was issued in 1935, contains a much more extensive analysis of 
Weather Bureau records of intense precipitation than that shown by the 
authors, and appears to be of distinct importance. Mr. Yarnell stated: 
“The methods followed and the results obtained differ considerably from 
those of the Miami Conservancy District.” 


» “The Distribution of Intense Rainfall and Some Other Factors in the Desi 
Storm-Water Drains,” by Frank A. Marst 6 Deen ce 
C. BH, Vol LY XXII (1924), mee arston, M. Am. Soc. C. E., Transactions, Am, Soe, 


1 “Rainfall Intensity-Freque mY i : t 
hE, Plann y quency Data.” Miscellaneous Publication No. 204, U. S. Dept. 
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- The importance of meteorological cycles must not be forgotten in any 
study of this kind. In this discussion the term, “cycles,” is used without 
particular reference to its precise applicability. Whether or not changes 
of meteorological conditions occur with such regularity that they may 


properly be called cycles, there can be no question that wide differences 


of climatological and meteorological conditions have occurred within 
historic times. For the purposes of this discussion it may be considered 
that what is herein called a “cycle” probably has a duration of not less 
than 300 yr and may be as long as 1000 yr. Any combination of the 
records from a number of stations, which have been obtained in the years 
during the part of a cycle when the rainfall is either high or low, 
cannot be accurate when consideration of frequencies of 300, 500, or 1000 


yr is discussed. — 


With regard to the type of formula which may best represent the rela- 
tion between intensity of rainfall and its duration, for any given frequency, 


the authors state that the form, 7 = a , was found to be best. It might 


well have been noted that the form, 


= DF Ee NN he cee aiie (29) 
oe cals) hg 

would be a more satisfactory form and one applicable to all attempts 

thus far made, of which the writer has knowledge, to express this relation 

by a formula. If the exponent, d, is unity, Equation (29) is identical with 

Equation (3). If, at the same time, the value of b is 0, Equation (29) 


- eonforms to Professor Nipher’s formula of 1885 for St. Louis, Mo. If b 


has a value of 0 and d a value differing from unity, the formula cor- 


responds to that used by the writer’ in 1905; and if b has a value other 


than 0 and d a value other than unity, the formula would correspond to 
that used by the writer” in 1931. ) 

Conclusions (6) and (7) of the paper might perhaps have been con- 
siderably modified after consideration of the discussion in Mr. Marston’s 
paper.” It appears probable that the data studied by the authors might 
have been analyzed by the methods suggested by Mr. Marston so as to 
provide information of great value regarding the variations in rainfall 
intensity over areas of moderate size. 


Guzen N. Cox,“ Assoc. M. Am. Soc. C. E. (by letter).“*"—Many data 
have been presented very ably in this paper, which should make possible 
closer predictions as to expected rainfall rates for any mid-western section. 
Nevertheless, it raises certain questions as follows: The U.S. Weather 
Bureau standard recording rain-gage is a tilting bucket type. Gages of 
this type are able to operate at a certain maximum rate due to the inertia 

22 Transactions, Am. Soc. C. H., Vol. LIV (June, 1905), p. 173. 

2 Toc. cit. Vol. 95 (1931), p. 951. 


% Prof. of Mechanics and Hydraulics, Louisiana State Univ., Baton Rouge, La. 
2a Received by the Secretary April 5, 1937. 
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of the parts and will not record correctly excessive precipitation. The read- 
ings given by the record chart are low. This under-recording will begin 
when the intensity exceeds about 3.5 in. or 4 in. per hr. Then it becomes 
necessary to distribute any difference between the stick measurement and 
the chart value by empirical methods. The last sentence of the first 
paragraph under the heading “Stations Studied” reads: “No correction 
factor was used for the precipitation corresponding to any duration.” In 
Table 4 (a), three occurrences of precipitation between 0.70 and 0.79 in. are 
listed. These values correspond to an intensity of about 9 in. per hr which 
is truly of cloudburst proportions and one which a gage of the tilting type 
can not record accurately. For this reason, one wonders as to the exact 
meaning of the foregoing quotation. 

Some consideration should have been given to the time of year when 
certain rates could be expected. After all, the engineer is only interested 
in precipitation intensities inasmuch as certain run-off rates follow. Many 
factors other than rainfall intensity affect the run-off rate. For any one 
water-shed, the time of year, the temperature, extent and condition of 
vegetation, the condition of the soil, and previous precipitation are very 
important; and, in addition, the properties of the water-sheds vary greatly. 
It is entirely possible for a 1-in. Slowly falling rain in early spring to 
cause a greater run-off than a 3-in. dashing rain of midsummer. After all, 
1 000 cu ft per sec per sq mile only corresponds to a rate of 1.55 in. per 
hr. Run-off rates of this magnitude may follow after previous precipita- 
tion has saturated the soil and filled the surface storage. 

Since April, 1933, the Louisiana State University, in co-operation with 
the U. S. Geological Survey, under the writer’s direction, has maintained 
a number of U. S. Weather Bureau standard rain cans and one weighing 
type of recording gage. During this time, data have been obtained which 
permit the comparisons of Table 16. The number of times that the 


TABLE 16.—Numpser or Times VAuurEs IN Taste 6 WERE EXcEEDED 


Frequency, Duration, in Minutes 
in years 
5 10 15 30 60 100 120 
Ney ami aes 12 17 17 16 
TER ae RN 0 0 0 0 1 1 a ' 
SOGGY Oe OS a oe 0 


Weather Bureau designations were exceeded for excessive rates, for the 5, 

10, 15, 30, 60, 100, and 120-min intervals, was 3, 11, 17, 17, 8, 1, and 0, _ 
respectively. During this period, in spite of the fact that Louisiana is 

subject to precipitation of cloudburst intensity, the maximum depth for 
the 5-min period was 0.42 in., which corresponds to an intensity of 5.04 — 
in. per hr. These data show the relative improbability of obtaining the — 
quantities designated by the author, or by the Weather Bureau, for the short | 
intervals, and also the improbability of obtaining the Weather Bureau’s — 
designation for the longer periods. i 
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Garrett B. Drummonn”, Ese. (by letter)**—A careful analysis of the 
method followed by the authors in determining the constants in their 
yarious equations raises the question of the actual dependability of empirical 


\ Y Scale in Miles 
\ 0 100 200 300 400 500 
a ee eee 


Fig. 13.—MAxIMuM RATE OF PRECIPITATION FOR Five MINUTES. 


formulas. In their application it should be remembered that such formulas 
are reliable only within the range of data from which they are derived. 


Scale in Miles 
0 100 200 300 400 500 aX 7 
jo ee rt 


Fig. 14..-MaxiMuM RATE OF PRECIPITATION FoR THIRTY MINUTES. 


2 Memphis, Tenn. 
25a Received by the Secretary, April 8, 1937 
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Especially is this true when the mass of data is segregated arbitrarily into 
periods of durations, as is done in the case of rainfall intensities. Actually, 
the “picture” presented by such data is the complete regimen of rainfall. 
Therefore, by considering separately that falling within certain time limits, 
there is introduced an artificiality which must be taken into consideration 
when utilizing the results of such a study. 

However, this should not detract from the importance of the study 
which has been submitted by Messrs. Schafmayer and Grant. Their efforts, 
although restricted to Chicago, point the way to other investigations which 
undoubtedly will add to the information now possessed concerning precip- 
itation. 

Regarding the use of empirical formulas for sewer design, especially 
those involving frequency, it is interesting to compare the results with 
a study of the maximum precipitation for various time-lengths. This, the 
writer has done for 5-min intervals to include 80 min. Figs. 13 and 14, 
for example, show maximum rates of precipitation for 5 min and 30 min, 
respectively. 


Evorne L. Granr® Assoc. M. Am. Soc. OC. E. (by letter)*™*—An implied 
conclusion of this study is that the intensities and frequencies of extreme 
storms of short duration do not vary greatly over a large area of Central 
United States. Although the area bounded by a line passing through St. 
Paul, Minn., Detroit, Mich., Knoxville, Tenn., Memphis, Tenn., Dodge 
City, Kans., and Yankton, S. Dak., contains wide variations in annual 
rainfall and other climatic characteristics, it is apparently homogeneous 
with respect to the frequencies of the intense storms which were studied. 
This implied conclusion should interest all students of meteorology and 
hydrology; it is of immediate practical importance in that the curves in 
the paper—particularly the very useful Fig. 5—may be applied to the 
economic design of storm drains throughout this entire area. ; 

Because of the importance of this conclusion, and because the combin- 
ing of a 38-yr record for ten stations into what amounts to a 330-yr record 
seems to be justified only on the assumption that the storms at each 
station are independent events which are subject to the same system of 
chance causes, it is desirable to check this conclusion in all possible ways. 
One such check was the observance by the authors of the close correspond- 
ence between the (unpublished) graphs for the individual stations. Other 
checks may be devised which make use of the methods of mathematical 
statistics, and which give results expressed in terms of probability. Two 


eee + 


~ 


types of tests of this character which have been made by the writer seem | 
to confirm the conclusion that the observed differences between the ten — 


stations studied in detail are such as might be expected as chance varia- 
tions in samples of the size observed, if there were no variations in the 
cause systems affecting the ten stations. 


ne Associate Prof. of Civ. Eng., School of Eng., Stanford Univ., Stanford University, 


64 Received by the Secretary April 9, 1937. 
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- he first of these tests is the so-called x® test of goodness of fit devised 
by Karl Pearson and elaborated by Mr. R. A. Fisher” which has been 
applied to each of the seven sections of Table 4. A sample calculation 
“relative to the 30-min storms of Table 4(d), is shown in Table 17, in which 


fo = number of storms of a given magnitude observed at a given station in 
the 33-yr period; and fe = number of storms expected, assuming uniform 
conditions. 


TABLE 17.—Test ror Constancy or Cause System at Ten Rainraun 
STATIONS 


NuMBER or STORMS WITH THE FOLLOWING PRECIPITATION (ix IncHES) 
Durine 30 MINUTES 


assy sis Py i al coe Ce sp RE | Wi OA ee es Bees A Sr 
From 0.90 to 0.99 | From 1.00 to 1.09 | From 1.10 to 1.19] 1.20 and more 


City 
ee es oe sa ae 
er ob- —+f.)2 | ber ob- 5) er ob- a er ob- 2 
served, (fo= fo) served, (fo=F.)? served, (fo=f.)? served, (fo= fo)? 
to fo to fe ito te To 6 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Knoxville, Tenn........... 6 0.74 5 0.23 2 1.97 12 0.60 
Memphis, Tenn........-.. 13 2.38 10 2.33 9 2.78 4 2197 
Indianapolis, Ind.......... 10 0.26 8 0.52 7 0.62 9 0.04 
Cincinnati, Ohio.........- 11 0.74 5 0.23 1 3.39 ui 0.70 
7 0.26 5 0.23 4 0.28 9 0.04 
4 2.38 8 0.52 6 0.12 1l 0.20 
4 2.38 4 0.78 4 0.28 10 0.02 
9 0.03 8 0.52 9 2.78 10 0.02 
13 2.38 6 0.01 5 0.01 es 0.20 
8 0.03 3 1.65 5 0.01 13 1.20 
Number expected, f.*...... 8.5 Vee 6.2 aes 5.2 ae he 9.6 Seite 
BUTTE ROLEX ao icye oxavateree: tiara A Vie Res Eiiisie lai ete Des agree STASI 
* Assuming uniform conditions. + Sum of Columns (3), (5), (7); and (9). 


The x? test involves the classification of the observed data into groups 
or “cells”; the number expected in each cell according to the hypothesis 
to be tested is then computed. In this case the hypothesis is that all the 
ten stations are alike with respect to the occurrence of intense storms of 
each magnitude, so that the number expected at each station is the average 
number of storms observed at the ten stations for each precipitation. The 
departure from expectancy in each cell is then squared and divided by 
the number expected in the cell; the sum of these computed values is 
-ealled x. Probability theory then gives the relation between x’, the number 
of “degrees of freedom” (the total number of cells compared minus a 
correction for the number of ways in which the numbers expected are 
made to agree with numbers observed), and the probability, P, that if the 
expected system of causes were really operating, a departure from the expected 
number as great as, or greater than, that observed would occur as a matter 
of chance in random sampling. The purpose of the test, of course, is the 
determination of this value of P. 

In Table 17 it has been necessary to group together all storms in excess 


of 1.20 in. at each station; experience with the test indicates that it 
27 A general explanation of thts test may be found in “Probabili#y and Its Hngineering 
Uses’, by T. Cc. Fry, Articles 102-104. ‘The specific application to a problem of the type 


ted in testing Table 4 for homogeneity is based on unpublished notes on “Statistical 
Be ference”, by Prof. Harold Hotelling, of Columbia Univ., New York) N; -¥< 
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cannot be expected to give satisfactory results if the expected frequency in 
any cell is fewer than five. A similar condensation of cells has been made 
in testing each section of Table 4. 

‘Table 17 gives a x® value of 37.1. There are 36 degrees of freedom, 
40 cells minus 4 restrictions imposed by the condition that the total num- 
ber expected in each precipitation group agree with the total number 
observed in that group. Entering a table of x*-values, such as may be 
found in many books on statistical methods,* these two values give a 
probability, P, of 0.4. This is interpreted to mean that if there were no 
real difference in the cause systems affecting 30-min excessive storms at 
‘the ten stations, a variation from uniform results as great as or greater 
than, that observed might be expected four times out of ten. In other 
words, the observed data are not inconsistent with the hypothesis of uni- 
formity. The results obtained from x*-tests on the other sections of Table 
4, are shown in Table 18; they seem to confirm this conclusion. The best 
fit to the assumption of uniform causes is found in the storms from 60 to 
120 min in duration. 


TABLE 18.—Resuuts or x?-Trests Appurep To ExcessivE Rainratt Recorps 
or Tren STATIONS 


Test or Data In TABLE 4 FoR HOMOGENEITY Value of P 
Duration of excessive ss obtained seas 
storms, in minutes Cells Degrees Calculated Value of ith hell 
compared of freedom x2 Poisson law 
Sat Sena sche Gidsner' 30 27 23.6 0.7 0.08 
Cy ete See ne 40 36 43.0 0.2 0.97 
Se SERS Pie eet 40 36 41.0 0.3 0.7 
BOLE meee hes 40 36 37.1 0.4 0.3 
BO eaees SC eee 30 27 14.9 0.97 0.5 
OOM Sore Mae Stiscaevers 30 27 20.8 0.8 0.3 
E20 Sitecgioate rack. oats 30 27 13.8 0.98 * 


* Not determined. 


The second statistical test made by the writer involved the checking of 
an hypothesis concerning the relation between the average number of 


excessive rainfalls per year of each duration, and the probability of any 
given number of such excessive rainfalls occurring in any single year. 
This hypothesis is that this probability may be determined by the Poisson 


law”, which expresses the probability of any given number of occurrences | 


per period as a function of the average number of occurrences, m. The 
Poisson law gives the probability of no occurrences as e”, of exactly one 


2 
ze mm. 3 
occurrence as me”, of exactly two as —- e™, of exactly three as —”* ¢™ 
2 


m* 


of exactly fOUr as | eee 
AX 3 «2 


e™, ete. 


*8 “Statistical Methods for Research Workers”, by R. A. Fisher, Tabl III 7 
or Fry’s “Probability and Its Engineering Uses”, Table VIII. : Si eat Ad” 


*” For mathematical derivations and discussions of the Poisson law sy 
“Probability and Its Engineering Uses’, Articles 83-88. For examples of a Teese 
other series which are fitted by the Poisson law, see “Applications of Poisson’s Probability 
Summation”, by Frances Thorndike, Bell System Technical Journal, Vol. 5 (1926), p. 604. 


| 
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The characteristics of extreme rainstorms would seem on theoretical 
grounds to agree with the assumptions underlying the Poisson law, at 
least in so far as the rainstorms at any one station are concerned. In 
brief, these assumptions are that the quantity measured is the number of 
occurrences of a particular event, each sample consisting of a very large 
number of independent trials of the event in which the probability of the 
event occurring on any individual trial is very small. Extreme storms 
are presumably independent events; there are a great many short intervals 
of time during a year which might have such storms; the probability of an 
extreme storm in any one of them is very small indeed. 

In testing the Poisson law hypothesis it was necessary for the writer 
to examine the original rainfall data assembled by Messrs. Schaf- 
mayer and Grant in order to construct frequency distributions which 
showed in how many station-years there were no excessive storms of a 
given duration, and in how many there were one, two, three, four, ete. 
The expected number of years which would have each number of storms 
was then calculated by the Poisson law, using the observed average. 
Table 19 gives the data for the storms of 10-min duration, and illustrates 
the method followed. Dividing the total of Column (3) by the total of 
Column (2), the average number of storms per year, m, is found to be 


2 
89 190; e™ = 0.3012; me™ = 1.20 (0.8012) = 0.8614; 7 e™ = las 
330 2 ») 
(0.3614) = 6.2168; a = (0.2168) = 0.0867; ete. 


TABLE 19.—Poisson Law Firrep To Numper or 10-Minure Excessive 
SroRMS PER STATION- YEAR 


Observed number Probability of Expected fre- 
Number of excessive of station-years petals ee exactly N storms} quency in 330 
storms JN, in year with exactly N by the Poisson station-years by 
N storms, f law the Poisson law 
(1) (2) (3) (4) (5) 
(Veni eee a. Sier iol 102 0 0.3012 99 
ae eit ative austere 114 114 0.3614 119 
Oe eran severe elope 74 148 0.2168 72 
EY ROMO tae Oe 28 84 0.0867 29 
A Retro exately ase s 10 40 0.0260 9 
[aap Bp eee Oe Gane 2 10 0.0062 2 
ipeialat suet: Tee 330 Spgaane |) ch akeees 330 


Tt will be noted that the number of 10-min storms shown in Table 19 for 
the 45) station-yr is necessarily the total of 396 shown in Table 4(b) 
for the same station-years. The correspondence between the observed fre- 
quencies shown in Column (2), and the theoretical frequencies from the 
Poisson law shown in Column (5), is extraordinarily good. Similar checks 
between observed and expected values—although not quite as close as this — 
one—were found for the frequency tables for the storms of other dura- 
tions. The x~-test was used to compare these observed and expected fre- 
quencies; the values of P obtained from these tests are included in Table 18. 
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It would seem reasonable that the relationship herein discovered between 
the average number of storms per year of a given magnitude and duration, 
and the probability of any given number of such storms occurring in any 
one year, justifies the use of the Poisson law for similar calculations rela- 
tive to extreme storms of any frequency. For instance, any storm shown 
on Fig. 5 with a frequency, F', of 5 would correspond to an average of 0.2 
storm per yr. The probability of no, such storms in any one year may 
be computed by the Poisson law to be 0.819, and of exactly 1 yr to be 
0.164; thus, in only 17 yr out of 1000 would two or more such storms 
occur in the same year. Such computations would seem to be more of 
academic than of practical importance, although they might afford a 
kind of doubtful comfort to the engineer who has just seen his storm 
sewers overflowed by one such storm. 

The important practical conclusion from the Poisson calculations is 
that they furnish another check on the hypothesis that the excessive storm 
characteristics are the same at all of the ten stations studied. It is a 
mathematical property of the Poisson law that two or more Poisson distribu- 
tions with different averages do not add up to make another Poisson dis-— 
tribution; thus, the check between the total results for the ten stations 
and the Poisson law is good evidence of similarity between the stations. 

The points of similarity and the fundamental differences between this 
study of rainfall intensity, and the many interesting studies which 
hydraulic engineers have made of flood frequencies, are worthy of. comment. 
Although the authors have made use of no “probability curves” such as 
have been used in many flood studies, the same general philosophy under- 
lies the approach to both problems. The evident fact that the authors’ 
studies of excessive rainfall frequency seem much more conclusive than 
any published studies of flood frequency, results from certain characteristics 
of the rainfall problem which are not found in the flood problem. These 
advantages may be recognized if the implications of a frequency or proba- 
bility approach to a problem of this type are noted. 

The statistical or frequency definition of probability ‘may be stated as 
follows: Assume that if a large number of trials of an event are made 
under the same essential conditions, the ratio of the total number of 
trials in which a certain event happens, to the total number of trials made, 
will approach a limit as the latter number is increased indefinitely; then : 
the limit thus described is defined as the probability that the event shall 4 
happen under these conditions. 

In the flood studies *such as those made by the late Allen Hazen,” M. 
Am. Soe. C. E., the trial may be thought of as a year; the event which either _ 
happens or fails to happen is a flood of a given magnitude. Several assump- 
tions are made, either consciously or by implication, in flood studies leading to 
probabilities for floods of any given magnitude. Among them are: (1) There 
really is a natural law which relates to the probability of a flood of a given 
magnitude at a given point on a given stream at a particular time; if it were 
possible to secure records for a great many years during which time there was 

%° “Flood Flows”, by Allen Hazen, John Wiley & Sons, 1930. 
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no fundamental change in climate or in the characteristics of the stream’s 


drainage area, the ratio of occurrences of a given flood to total years would 


actually approach a statistical limit; (2) successive trials are made under 


, 


the same essential conditions or nearly enough so for practical purposes; 


this implies among other things that they are independent of one another; 


that is, the flood magnitude in one trial is not related to a flood magnitude 
in preceding or succeeding trials; and (3) there is a definite relation 


between the probability or frequency of a flood of given magnitude and the 


magnitude of the flood, which relationship would be apparent if one had a 
sufficiently long record. On the basis of a limited record an attempt is 
made to fit some kind of probability curve to the available data, extrapolat- 
ing if necessary in order to obtain desired probabilities. Thus, it is com- 
mon for investigators using these methods to calculate the probability of 
the 1-yr-in-100 flood from a 380-yr record—or sometimes even the 1-yr- 
jn-10 000 flood. f 

The logical weakness of such extrapolation beyond the limits of a poorly 
defined frequency curve is obvious. Different forms of curves may seem 
to fit the limited data fairly well, and yet have widely different implica- 
tions outside its range when they are used as a basis of extrapolation. Thus, 
the methods developed by different investigators of flood frequencies give 
very different results when applied to the same problem. One investigator 
may designate as a 1-yr-in-57 flood what another calls a 1-yr-in-500 flood.” 

Two attempts have been made by investigators to avoid extrapolation 
by increasing the data used from a limited number of years of record. 
One method has been to combine the records for a number of streams; 
the other has been to take all the flood peaks each year in order to obtain 
a great many floods from a record of short duration. Neither of these 
devices seems reasonable with respeet to flood probability studies. The 
water-shed characteristics of the various streams are sufficiently different 
so that floods on separate streams are not under “the same essential con- 
ditions ;” the successive floods on a given stream in a given year are certainly 
not independent events. 

In studies of intensity and frequency of excessive rainfall, however, 
it does seem reasonable to use both these devices. As was evidenced by the 
application of the y?-test to the data in Table 4, the excessive rainfalls of 
short duration at widely separated stations seem to come from the same 
system of chance causes. Excessive rainstorms are local in character ; 
the storms at different stations at a considerable distance from one another 
are obviously independent events. Thus, it is legitimate to combine the 
33-yr records of ten stations to secure what in effect is a 330-yr record. 

It also seems reasonable in these rainfall studies to make use of all 
the excessive storms that have occurred in a given year. Although two or 
more flood peaks in a year on the same stream would seem to be definitely 
related, two or more excessive rainstorms of short duration in the same 


31 See the discussion by C. S. Jarvis, M. Am. Soc. QC. B., in Proceedings Am. Soe. C. E., 
Papers and Discussions, October, 1927, p. 2028, for this particular example. The wide 
differences in conclusions obtained by different methods of extrapolation are familiar to 
any student of this subject. 
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year at one station might be expected to be completely independent. This 
expectation is confirmed by the close fit of the number of storms per year 
to the Poisson law. 

Finally, the investigator of the frequencies of excessive rainfalls who 
wishes to use his conclusions in the economic design of storm sewers 
has a great advantage over the investigator of flood frequencies who wishes 
to use his conclusions in the economic design of structures subject to 
flood. In theory at least, design for long-run economy of both storm 
sewers and flood spillways would seem to require consideration of the cost 
of providing each possible capacity, the expected frequencies with which 
such capacity would be exceeded, and an estimate of the probable resulting 
damage. However, the conclusions of economy studies in the two fields, 
as to the frequencies against which it is economical to design, are likely 
to be quite different. A typical conclusion might be that a spillway 
should be designed against at least the 1-yr-in-100 flood, whereas a storm 
sewer should be designed, at most, against the 1-yr-in-5 excessive rainfall. 
In the first instance extrapolation to estimate the 1-yr-in-100 flood from 
a record of 30 yr or less involves much guesswork as to the form of the 
frequency function. In the second instance, as the authors have demon- 
strated, a 330-yr record defines its own frequency function so that it is 
possible to estimate the 1-yr-in-5 rainfall with a high degree of confidence, 
and there is no necessity for extrapolation. 


ApotpH F, Meyer,” M. Am. Soc. CG. E. (by letter).“"—This paper gives 
encouragement to those who have labored long in favor of the use of sta- 
tion-year records from a relatively large area in preference to the present- 
day inadequate records of intense precipitation at a single station, for the 
purpose of predicting rainfall frequency. The fundamental soundness of 
the method of determining frequencies from station-year records is demon- 
strated by the fact that, notwithstanding the recent severe droughts, 
the last eighteen years of rainfall records (1929-37), when added to the 
earlier nineteen years of record for stations analyzed by the writer else- 
where,” do not result in any material change in the conclusions respect- 
ing the frequencies of given rates of intense precipitation to be expected 
in the several time intervals from 5 min to 2 hr. 

A comparison of the frequency of intense precipitation, as determined 
from the authors’ graphs in Fig. 3, for 659 station-yr, with the frequency 
of the same rates of intense precipitation for the City of Chicago, III, 
taken from charts presented by the late David L. Yarnell, M. Am. Soc. 
C. E..* is most striking. The values are almost identical, with the excep- 
tion of the 100-yr, 2-hr rate shown in the Fig. 3 of the paper. It is the 
writer’s judgment, however, that curves, and not straight lines, should be 


used to represent the actual facts shown by the observational data in Fig. 3. 
* Cons. Hydr. Engr. ; Engr. (Meyer Governor Co.), Minneapolis, Minn. 
82a Received by the Secretary April 19, 1937. 


33“The Elements of Hydrology”, by Adolph F. Meyer, 1917, Group 3, p. 198. 
* Miscellaneous Publication No. 204, U. S. Dept. of Agriculture, 
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Tf curves are used, the 2-hr precipitation of 100-yr frequency is substantially 
reduced and comes into much better agreement both with the Yarnell 
charts and with the writer’s formulas, first published twenty years ago.” 

The writer has found further satisfaction in the authors’ use of definite 
rates of precipitation for the various time intervals as measures of what 
constitutes “excessive rainfall” rather than the use of percentages of annual 
rainfall* It has always been the writer’s contention that there is no 

“material relationship between intense precipitation during short-time inter- 
vals and annual precipitation. Stations with low annual precipitation are 
quite likely to have very intense precipitation for short-time intervals, 
although the frequency of such excessive rainfalls is usually greater in 
regions of moderate and heavy rainfall. 

Another point cited by the authors which is worthy of emphasis is the 
fact that the maximum rainfall determined from the original rainfall record- 
ing gage charts for any given time interval is greater than the maximum 
determined from the published tabular data. The writer has called atten- 
tion to this fact® in analyzing approximately 300 storms for Minneapolis 
and St. Paul, Minn., with a view to determining the correction which should 
be applied to the tabular data published by the U. S. Weather Bureau. The 
data published for Minneapolis and St. Paul give results 9% too small for 
the 5-min interval, 11% too small for the 2-hr interval, and from 2 to 4.5% 
too small for the intermediate intervals from 10 min to 60 min. These 
errors of about 10% for the B-min and 120-min intervals are far in 
excess of the differences between conclusions drawn from the writer’s 19-yr 
record,” as compared with those drawn from the present 37-yr record. 

Another fact which bears emphasis, because of a deficiency in the earlier 
published data of the Weather Bureau and of errors frequently made by 
those who use such data, is that the accumulated precipitation for 60 or 
80 min, for example, must also be considered as having fallen in 100 and 
120 min, even if the rain did not continue that long, or was not excessive 
toward the end and, therefore, was not reported. Where the rain did con- 
tinue, but the rate was not excessive, the later records of the Weather Bureau 
now give the necessary information. 

Most of the questions to which attention has been directed herein result 
jn increasing the quantity of rain which may be expected in a given time 
interval. If designs are to be conservative, these several factors must 
be taken into consideration. 

When it is noted that the formula heretofore used in Chicago gave 
frequencies varying from 3 to 20 yr, which were supposed to represent 
approximately 5-yr frequencies, it must be apparent that the adoption of new 
values of frequencies for given rates of intense precipitation will result in 

etter balanced and more economical sewer designs for the City of Chicago. 


: 
i i : i hange “Egypt” to 
Sake tions for Transactions: In Table 4, heading to Column (9) & er t 
OS an Bow Sricadok to Fig. 4, change “65 Station-Years” to “659 Station-Years un av 4 
following Fig. 7, change “contents” to “eonstants” ; and in Fig. 8, change Equation (18) 
to “Equation (AOE 
35 ‘The Hlements of Hydrology”, 1917, p. 165. 
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The writer believes that the Yarnell charts,** are by far the best 

measure of the frequency of given rates of intense precipitation over most 
of the United States, available to-day. 


Cuinton L. Bogert,” M. Am. Soc. C. E. (by letter).**—A very complete 
study of rainfall intensities is reported in this paper. The authors have 
extended the analytical methods of comparing rainfall intensities and 
frequencies. 

In pursuing statistical methods, engineers should not become so en- 
grossed in the formulas and curves derivable from the data at hand, 
as to lose sight of the ultimate aim of the study, which is to obtain the 
run-off from a given area under the worst conditions. 

This run-off is dependent on two factors of about equal weight, namely, 
the rainfall intensity with which this paper is concerned, and the run- 
off factor. Assuming that the studies are being made to establish the 
size of drains, the drains will be improperly proportioned if an error in 
judgment is made in selecting either of the factors. The run-off factor 
depends upon the slopes and the extent of the built-up and paved areas 
in the drainage district. Zoning will tend toward making this factor slightly 
more determinate, but there is no telling when, in the future, Court or legis- 
lative action will alter zoning restrictions and automatically put the engi- 
neer’s assumptions of the future character of the district awry. 

Another variable in the problem is the frozen ground in winter which 
is not considered in arriving at a run-off coefficient. A snow-covered lawn 
with an ice glazing is equivalent in run-off capacity to a paved area. In 
most cases of inadequate drains, the flooding will be found to occur in the © 
early spring, due to high run-off from frozen ground and glazed snow. 


86 Cons. Engr. (Sanborn & Bogert), New York, N. Y. 
86a Received by the Secretary May 8, 1937. 
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FLOW CHARACTERISTICS IN ELBOW 
DRAFT-TUBES * 


Discussion 


By Messrs. R. E. B. SHARP, AND L. F. HARZA 


R. E. B. Sware™, Ese. (by letter)™*.—It is noted that the losses for 
Bend No. 5 were not included in the tabulation following Equation (22). 
Tt would be of interest to have this information. A comparison of Bends 
No. 1 and No. 4 as made and tested by the author does not show the true 
relation. The latter shows the smaller loss, but to give a true picture of 
the relative advantage of adopting the shape of Bend No. 4 as compared 
to the circular shape, the same radius of curvature of axis should have 


been used for both bends. For Bend No. 4, < = . — 2.5, whereas this 


value for Bend No. 1, equals 1.333. If the loss with Bend No. 1 is cor- 


rected from es 1.333 to ity 9.5, in accordance with tests reported by 


Dr. Albert Hoffmann”, the following approximate values are derived: 


(a) Loss = 2 (Mockmore) X 9% (Hoffmann tests with smooth 
g ‘ 


Ae O11O 
29 

2 

29 0.17 29 

and, 

| 2 
(c) Loss = 0.15 V" (Mockmore) x 0.09 ’ (Alexander). = 0.1225 V 

29 0.11 29 


The foregoing corrected values compare favorably, from the stand- 


Notr.—The paper by C. A. Mockmore, M. Am. Soe. C. E., was published in February, 
1937, Proceedings. Discussion on the paper has appeared in Proceedings, as follows: April, 
ons F. T. Mavis, M. Am. Soc. C. E.; and May, 1937, by Jerome Fee, Assoc. M, Am. 
Soc. C. BH. 5 

2 Hydr. Hngr., I. P. Morris Diy., Baldwin-Southwark Corporation, Philadelphia, Pa. 

2%a Received by the Secretary April 20, 1937. 

2% “Togs in 90° Pipe Bends of Constant Circular Cross-Section,” by Albert Hoffmann, 
Transactions, Munich Hydr. Inst., Bulletin (pub. by A.S.M.B.), Fig. 1. 
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point of the circular shape, with those obtained by the author for the» 
0.13 V? 

29 ; 

The tests of the model draft-tubes, as presented by the author, are? 
of interest as such. Tests of this nature may serve as guides for the) 
construction of model draft-tubes for tests with model turbines, but should| 
not be used as the bases for the construction of large tubes in the field. , 
The reason for this, of course, is the impossibility of distributing, properly, , 
the flow at the entrance to model tubes. It is noted that although Model. 
Draft-Tube No. 2 gave the most favorable results, the author did not; 
include data as to its dimensions or the area of its various sections. The. 
lack of these data prevents a comparison and study of this design. 

The writer does not think that the author is justified in submitting 
general recommendations for the designs of elbow draft-tubes on the basis 
of the tests submitted in his paper. His recommendation that the vertical 
leg be trumpet-shaped is not borne out by his comparative tests (Bend No. 
2 as compared to Bend No. 4). Not only is the efficiency of Bend No. 2, 
with the conical vertical leg, higher than Bend No. 4, with the trumpet- 
shaped vertical leg, but, in addition, the outflow loss from Bend No. 2 is 
decidedly greater than that from Bend No. 4, so that if correction for 
this fact were made, the efficiency of Bend No. 2 would be relatively in- 
creased to a value still greater than Bend No. 4. 

The Company with which the writer is connected abandoned long ago 
the Prasil principle of uniform deceleration, as it was demonstrated in 
practice that where the diverging angle of the tube to meet this require- 
ment exceeded allowable values (7° to 8°) the water did not follow the 
tube walls, and harmful eddies were formed. Any impact plate at the end 
of the tube alters the conditions, resulting in flow in a radial direction. 
However, this condition does not apply to the vertical leg of a draft-tube. 

Furthermore, the writer cannot agree that the trumpet-shape will 
reduce the cavitation tendency of the runner. It is true that the throat 
rings of some turbines of the Kaplan type tend to corrode. This, how- 
ever, does not extend down into the tube, even with 7° to 8° flare, but 
appears to be a function of the movable guide-vanes above, as the corrosion 
is limited to parts in the line of flow from the guide-vanes, i 

Although a splitter is often beneficial, the author should draw no con- 
clusions on that basis because Draft-Tube No. 2 showed better results with, 
than without, a splitter. This tube was apparently designed for a splitter, 
and the areas proportioned accordingly. Removing the splitter greatly 
increases the areas around the bend of the tube — at the very region where 
the rate of diffusion should be a minimum. 


elliptical shape of Bend No. 4, in which he found the loss to be 


LF. Harza,” M. Am. Soo. C. E. (by letter).**—It seems to be a general _ 
principle that water will flow with the least loss of energy if permitted 
to conform as nearly as possible with its natural tendencies, 


*sCons Engr., and Pres., Harza Eng. Co., Chicago, 111. 
*6a Received by the Secretary, May 6, 1937. 
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The logic of a wide, shallow design, such as Bend No. 4 (see Fig. 3) 
can be easily demonstrated by projecting a free stream of water tan- 
gentially against a curved sheet of metal. The stream will spread out into 
a thin sheet as deflected around the curve. The writer is surprised, how- 
“ever, at the small reduction in the loss experienced in Bend No. 4, as 
compared with the conventional elbow, Bend No. 1. It seems possible that 
considerably more improvement would result from a still shallower and 
‘wider section at the bend if not, indeed, a section that is actually flat on 
top and bottom. The flattening of Bend No. 4 would not seem to be 
enough to prevent the formation of the double spiral which could hardly 
exist in a thin wide section. 

The saving of head in Bend No. 4 as compared with Bend No. 1 is 
only the equivalent of the loss oceurring in about 8 in. of straight pipe, 
which would scarcely seem to justify the more expensive construction of 
the flattened bend in practical pipe manufacture. 

In general, the writer is in agreement with the stated draft-tube prin- 
ciples, except perhaps that the vertical cone should be as long as possible, 
with short-radius elbow and, consequently, a sharp inside curvature. The 
writer would indeed agree also with this principle were it not for the better 
results apparently shown by later tests with the long-radius, sweep- 
ing elbow which was finally adopted for Bonneville Dam. It is to be 
regretted that a parallel test of this design, in a 6-in. inlet size, was not 
incorporated in the author’s comparison. Apparently, it was not included 
because of the development of this design subsequent to the completion of 
the 6-in. model series. 
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A NEW THEORY OF RAIL EXPANSION 


Discussion 


By Messrs. C. W. BALDRIDGE, GEORGE W. HUNT, FRANK B. 
WALKER, ARTHUR N. TALBOT, RANDON FERGUSON, A. N. REECE, 
G. M. MAGEE, AND H. D. HussEy 


C. W. Batpringg,* Esq. (by letter).“*—Under the title, “A New Theory 
of Rail Expansion”, Mr. Africano gives a mathematical analysis of the 
forces resulting from expansion and contraction of steel rails in track, 
with a discussion of the probable performances of long rails or continu- 
ously welded rails. Tests of long rails have been attracting the attention 
of engineers since 1890 at least. The earliest tests, of which the writer 
has found record, consisted of an installation of 3 miles of rail on the 
Lynchburg and Durham Railroad, near Gladys Station, Va. <A descrip- 
tion of the test“ shows the installation to have been made between 
March 19 and April 25, 1892. Three miles of 78-lb rail of the girder type, 
with the ends fitted tightly together, were jointed by having the bars riveted 
as tightly as possible. The track was then “buried in” with earth to the 
level of the top rail on the outside and to the level of the under side of 
the head on the inside of the track. 

The report provoked considerable discussion, and established some 
values regarding the stresses resulting from such jointing of rails, which 
approach those calculated in later studies. Unfortunately, the promoter | 
of the test claimed too much for the plan. He announced that continuous 
rail, buried in as it was in the test, would eliminate all need for track 
maintenance, and his attempt thus to handle the test resulted in the 
track getting into very bad condition. When the line was acquired by 
the Norfolk and Western Railway Company about three or four years 
after the installation of the test, the rails were removed and bolted-joint 
track was substituted for them. 


Pepper mage ere ce 
Note.—The paper by Alfred Africano, Jun. Am. Soe. C. B. was published in Fetrua 

1937, Proceedings. Discussion on the paper has appeared in Proceedi ae 
April, 1987, by Messrs. Chester F. Gailor, and FE. F. Kenney. eben a 


% Asst. Engr., A. T. & S. FB, Ry., Chicago, Ill. { 
a Received by the Secretary March 9, 1937. : 
4 Bngineering News, 1892, p. 388. 


June, 1987 BALDRIDGE ON NEW THEORY OF RAIL EXPANSION 1147 


The history of the test seems to have ended with the publication of 

a reply by the Editor,® to a letter of inquiry regarding the test. In 
the reply, a list of the articles which had been published concerning the 
test was given. 

Almost contemporary with the test on the Lynchburg and Durham 
Railroad was a test of long rails made on the Michigan Central Railroad, 
under the direction of A. Torrey, Chief Engineer of that line.” One 
section was composed of: One rail, 800 ft long; one rail, 500 ft long; 
two rails, 250 ft long, each; and two rails, 100 ft long, each. Origi- 
nally, it was intended to construct these long rails by electrically welding 
30-ft. lengths, but for a preliminary study Mr. Torrey constructed the 
rails by holding the individual 30-ft lengths together by means of 
the splices while the drilling for the turned bolts was done. The rail ends 
were not planes, but warped surfaces; consequently, the joints could not be 
held in intimate contact. 

The rail was laid in the autumn of 1893 in a main-line freight track 
where the traffic was in one direction only, and consisted of all the 
east-bound freight business of the main line of the Michigan Central 

Railroad. The speed over this track at that time did not exceed 20 
miles per hr, but brakes were often set and engines sometimes reversed, 
as it was in the vicinity of an interlocker. 

The points to be determined by the tests were (quoting Mr. Torrey): 


“(1) Whether a long rail would move freely enough on ties to be 
safe under sudden and extreme changes of temperature; 

“(2) What provisions would have to be made to hold a long rail 
from creeping under traffic in one direction only; 

“(3) Having been forced to use rails held in abuttal instead of welded, 
whether the joint would be stiffer with the rail ends in abuttal than the 
ordinary joint is; 

“(4) Whether the life of the rail would be appreciably greater if 
the opening between the heads of the rails was eliminated and the splice 
relieved from the wear occasioned by the movements of the rail due to temper- 
ature changes.” 

Referring to Item (2), it was reported that under the speed of such 
traffic as this track accommodated, the rails did not drag the ties, since 
they were securely connected to other ties for a distance of 28 ft at the 
point of fastening. The answer to Item (3) was found in the result of 
tests made at the University of Michigan, Ann Arbor, Mich., which began 
with the assumption that the stiffness of the full rail was 1. The stiffness 
of the joint with abutted rail ends was 4, and the stiffness of the joint 
with 4-in. expansion and without the turned bolts was 4, comparatively. 
The tests were made with the rails upright and inverted, and the pro- 
portionate stiffness was the same for each position. 

From December 26, 1893, to January 20, 1894, measurements of the 
movement at the expansion joints were made in the morning. From 
January 20 to mid-summer, measurements were made at 7:00 A. M., on 


15 Hngineering News, March 22, 1906. 
16 Railroad Gazette, July 27, 1894, p. 518. 


1148 BALDRIDGE ON NEW THEORY OF RAIL EXPANSION ees 

t 
Sundays, and at 7:00 A. M., and at noon, on week days. From Decem- 
ber 26, 1893, until April 14, 1894, the theoretically proper range of move- 
ment was based on temperatures obtained from ‘the United States Signal 
Office. From April 15 to mid-summer, the theoretically proper range of 
movement was based on temperatures obtained from a thermometer 
embedded in a piece of rail alongside the long rail. In the colder months 
the rail movement was considerably less than would be forecast from the 
changes of temperature during those months, if such forecast should 
be made in the light of the sensitiveness of the rail to changes of tem- 
perature, as shown between May 17 and May 20. Mr. Torrey concluded 


that the rail may or may not assume the air temperatures when the 


ground is frozen and stated finally that: “* * * defects of construction 
entered into it [the rail], which would naturally be discarded in its suc- 
cessor, if it has one, and the results as to smooth and noiseless passage 
of the wheels would probably be more favorable under better conditions.” 

Another study of longer rails was made public in a committee report 
on the subject, “Miter Cut Ends and Longer Rails,” which was presented 
at the Convention of the Roadmasters and Maintenance of Way <Associa- 
tion of America in the autumn of 1895, in which some comments of inter- 
est are to be found. 

In recent years interest in the subject of the use of continuous, or 
very long sections of rail welded together, has resulted in actual tests 
being made on the Delaware and Hudson Railroad, in four different loca- 


tions and under somewhat different conditions. Another installation of — 


rails welded together for a full mile has been made on the Bessemer 
and Lake Erie Railway. These tests are making history and are attract- 
ing the attention which such studies deserve. 


Although actual tests of continuous rails are necessary to prove con- 


clusively whether or not such installations are dependable and practicable, 
some information regarding actions which result from contraction and 
expansion of long rails may be gleaned from the results of the shearing 
off of track-bolts in rail-joints during periods of severe cold weather. 


In 1924, the writer had occasion to investigate a case in which, on a_ 


severely cold night following a mild day, nineteen joints in a distance of 


about 25 miles had sheared off both bolts in one end of the joint, thus — 


allowing the rails to pull apart. The track was laid with 90-Ib rail, all- 
steel joint bars and oil-quenched bolts. Inquiry as to maintenance revealed 
the fact that the joints had been bolted up as tightly as possible, using 
wrenches which, by means of pieces of pipe, had been lengthened from 
46 to 48 in. The bolt-tightening had been done during an unusually warm 
spell late in the autumn. A few weeks later a sudden drop in tem- 
perature to — 18° F resulted in the shearing of the bolts at joints where 
for some reason the bolts were less tightly set, thus permitting the rails 
to slip through the joint: bars. Notwithstanding the fact that the track 
was equipped with single-shouldered tie-plates and only four cut spikes 


per tie (two for each“rail), none of the openings between rail ends widened 
to more than 5.5 in. 


man 
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During the present winter (1936-37) a number of joints in track laid 
with 112-lb, all-steel joints, and high carbon, oil-quenched bolts, have 


sheared two bolts, allowing the rails to pull apart as far as the contrac- 


£ 


tion would take them. In these cases, the track is also equipped with 


~ single-shouldered tie-plates and with four cut spikes per tie. The bolts 
had been installed by bolting machines when the rail was laid, followed by 


normal maintenance. Most of the adjacent joints showed that no move- 


ment had occurred through the bars, and in most cases the sheared bolts 
occurred in joints a mile of more apart; yet in these cases the opening 


between the rail ends was usually about 2 in. and none was reported to 


have opened more than 2.5 in., even when temperature readings below 


zero were experienced. These rails were laid using expansion shims based 
on rails that were tight at 100 degrees. . 
Taking the coefficient of expansion at 0.0000065 (which is the value 


generally used for railway rails), the width of opening found in these cases 


represents the contraction of only 320 ft of rail, and assuming that it was 
equally effective in both directions, it shows that the contraction of rail 
steel, due to zero temperature, is overcome by the resistance to movye- 
ment of only 160 ft of 112-lb rail held by cut spikes in a normal manner. 

In order to determine the results, of the forces created by the expan- 


sion and contraction of steel due to temperature changes, it is pertinent 
to begin with a single rail and then to build up a series of rails. It is easy to 


recognize that a single rail, 39 ft long, resting freely with no connections 
except the support under it, will have no movement, as a whole, due to 
contraction and expansion. Connect two rails of the same size, weight, 


and length, and each rail will exert the same pull upon the other. Add a 


third rail and. the pull of Rail No. 1 upon Rail No. 2 will be equal 


and opposite to the pull of Rail No. 3, and since the resultant of equal and 


opposite forces is zero, there will be no movement. It becomes evi- 


dent, therefore, that as long as there is no break in the connecting joints 
in a track the forces of expansion or of contraction nullify each other 
and there is no resultant force to produce movement. It is also evident 


that if the rails in a track are rigidly connected, the forces acting nullify 
each other, except for the short distance at each end where the resistance 


to movement produced by the weight of the rail and the grip of the 
spikes is less than the unbalanced foree of contraction or expansion. 

The widths of opening between rail ends, resulting from the shearing 
of bolts prove that such distances are not great and also that they are 
shorter for heavy rails than for lighter ones. 

These actual results in track go far to confirm the accuracy of the 
mathematical determination of forces resulting from, and the resistances 
to movement due to, contraction or expansion of long rails, as given 
in Mr. Africano’s paper. The results found in track as described herein, 
with the studies made by Mr. Africano, by the Kansas City Southern 
Railroad Company, by the Rail Committee” and the Track Committee,” 


17 Bulletin No. 391, A. R. E. A., November, 1936, p. 233. 
18 Bulletin No. 398, A. R. H.A., January, 1937, p. 4938. 


1150 HUNT ON NEW THEORY OF RAIL EXPANSION Discussio 


of the American Railway Engineering Association, and by others, give favor- 
able indication of the practicability of the use of continuously welded rails. 


Grorce W. Hunt,” Esq. (by. letter).”“*—First considering the condition 
of a rail perfectly free to expand, Mr. Africano proceeds to the condi- 
tion in which the ends are restrained by means of ballast resistance to tie 
movement, and, finally, to the condition in which ‘the ends are restrained 
partly by the ballast resistance and partly by the joints connecting the 
welded section with the adjacent track sections. The equations developed 
by Mr. Africano are applicable to all lengths of welded track, from a few 
rail lengths to a number of miles. Their purpose is to show the relation 
between: (1) Tie resistance; (2) joint resistance; (8) rail movement 
under various changes in temperature; and (4) to indicate the proper 
balance between these factors in order to avoid damaging strains and 
stresses after the rail is welded. 

As Equation (18) contains all of the aforementioned factors ((1) to 
(4)), and represents the third condition, it may be accepted as the — 
general equation. Equation (9) is simply a special case of Equation 
(18) when the joint restraint, P, is reduced to zero. For analytical pur- 
poses, P may be expressed in fractional parts of F, the total force required — 
to restrain the rail, and incorporated in Fig. 4, thus making this graph to 
include all factors in the problem. For example, Equations (21) and 
(22) which determine the values of 7 for the case of no joint restraint, 
ean be restated as follows to take joint restraint into account: 


~ 


qt KOAOf) sl Sy eas (25) 


A Ltaas ‘ 

in which K’ (see Equation (22)) equals 0.5K when P = 0.8F; 0.25 K 
when P = 0.5 F; and 0.0625 K when P = 0.25 F; and F = 2816 (At). 
In Fig. 5, the value of 7 can be read for various degrees of tie restraint. — 
For example, suppose that P = 0.8F'; then, for 130-lb rail, with a tem- — 
perature change of 100°, P = 0.8 x 281600 lb = 84400 lb. For a 60° 
temperature change, P = 0.8 X 2816 xX 60 = 50688 lb. For these — 
two temperature changes Fig. 5 shows that (Al’) maz (the rail end move- 
ment) has the values shown in Table 8. 


ue 


TABLE 3.—Vatues or (Al) max , 


Values of tie Critica Lenets, (Al”)max. IN INCHES, FOR THMPHRATURE CHANGES OF: y 
restraint, T, 
in pounds 100° F 60° F 
ee CS Be) Lane ee CR Nees 4 
750 13 
i 000 4 3 
1.250 ard ts r 
hk 


It is the opinion of the writer that the influence of joint restraint — 
has been under-estimated in the test at Mechanicsville, and that if the — 


* Maintenance Inspec., M. of W. Dept., Baltimore & Ohio R. R., Baltimore, Md. 
we Received by the Secretary March 24, 1937. 


ey 


lune, 1937 HUNT ON NEW THEORY OF RAIL EXPANSION 1151 


facts were known the joints at the free ends (so-called) were furnishing 
part of the resistance, and that the ties were furnishing considerably 
less than 2000 lb. ‘The opinion is based on his understanding that the 
joint gaps at the “free” ends were as much as { in., at the temperature 
drops mentioned in this test. 


ia 
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Equal to: of Alan bY: 
Ome 1000 
(0:3.Fy lim neg 0500 
0.5F 0.250 
0.75F —- — 0.0625 + 

1.007 0.0 
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Values of 7", im Pounds,for P= o* Temperature Change; At, in Degrees Fahrenheit 


Fic. 5.—RELATION BETWEEN RESISTANCE, THBMPERATURE CHANGE, AND Rain MovEMENT 
UNDER VARIOUS DEGREES OF JOINT RESTRAINT. 


Joint restraint in tension is composed of the frictional resistance 
between bars and rail, plus the bending resistance of the bolts. The fric- 
tional resistance in a 6-bolt joint may be taken as (3 x 20000 xX 2) 
= 9 = 60000 lb. The bending resistance of one bolt may be taken 
as 8000 Ib, or 24000 Ib for three bolts. On this basis the total joint 
‘resistance would amount to 84000 Ib, or about 30% of the force, F, 
required to restrain a 131-lb rail under a temperature drop of 100 degrees. 
Tt seems reasonable, therefore, to consider the ultimate value of P in 
tension as equal to 0.3F. In this connection, it should be remembered 
that the rail-drilling, bar-punching, and bolt diameter for 131-lb and 
112-lb rail sections are ‘proportioned so as to allow only a 3-in. rail gap 
before bringing the bolts into bending resistance. It follows, therefore, 
that when the joint gaps exceed $ in., the frictional resistance of the 
bars against the rail has been overcome and the bolts are exerting bend- 
ing resistance. In compression, the ends of the rails come into contact 
before any bending strain is thrown on the bolts, so that the joint 
restraint in compression may be taken as 60000 lb. The fact that a 
joint gap has greater latitude to enlarge under tension than to contract 
under compression is one reason why welded track should be laid or closed 
at temperatures that favor tensile strains, rather than compressive strains. 
The major reason is that the track is less likely to be thrown out of line 
by contraction in cold weather than by expansion in hot weather. 
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Mr. Africano conceives joint resistance as that force at which the 


joints in the adjacent unwelded section will begin to yield and continue’ 


to yield, sufticiently to accommodate (Al”) max, the rail-end movement. 
The actual value of the joint resistance is of little practical importance, 
serving only to explain the variation in the value of (Al) max as between 


theory and practice. In no case could it exceed the value of F; to do — 


so the unwelded track would have to be as stiff as the welded track, a 
condition scarcely attainable. A high value for it would reduce the 
number of ties necessary to restrain the rail fully, but this would be 
to no purpose as long as a special track construction was used throughout. 
With increasing values it would reduce the value of (Al”)max and to that 
extent reduce the movement at the rail gaps in the adjacent unwelded 
section. This objective is desirable as a precaution against tensile strains 
becoming concentrated in one joint and pulling the rails apart. The 
question of using expansion joints will depend upon what weight is placed 
on this hazard. 

The question as to the temperature at which welded track should be 
closed is very important from the viewpoints of both rail stress and rail 
movement. A range of temperature from 20° below zero to 130° above 
zero will give a mean temperature of 55°; but as tensile strains are less 
objectionable than compressive strains, welded rail should be closed and 
anchored at a temperature between 70°F to 80°F. If this is done, the 
temperature change above the closing temperature need not exceed 
60° and the rail movement in compression will be limited to that tem- 
perature change. Similarly, the temperature change below the closing 
temperature will be limited to 100° and the rail movement in tension 
to that temperature change. 

The value for tie resistance, 7, as applied to fairly well ballasted 
track, has probably been over-estimated in much of the discussion on 
this subject. There is a temptation to place too high a value on this 
factor, for rail laid at high temperature, on the theory that with a severe 
drop in temperature below the closing temperature, the ballast will freeze 
and thus increase the tie resistance, restrict the contraction movement, and 
build up the value for / in a shorter distance. This reasoning appears 
fallacious when it is considered that the rail responds very quickly to 
temperature change; freezing is a slower process and could scarcely occur 
in time to offer any resistance to rail movement. In fact, in the 
absence of sufficient moisture, the ballast may not freeze at all; it may 
have no higher resistance in cold weather than in warm weather. If the 
ballast did finally freeze, subsequent to the rail movement, and a thaw 
should set in, the temperature would have to rise to the closing tem- 
perature before any reversal of tie restraint could occur, and considerably 
above this temperature before the reversal of tie restraint reached any 
great magnitude. By this time the thaw, in all probability, would have 
begun to loosen up the ballast. It is felt, therefore, that the process of 
freezing and thawing can be disregarded as far as influencing the ballast 
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resistance, and that the factor, 7, can be accepted as a fairly constant value 


for any given ballast section, throughout the year. 


An approximation of this value can be made for loose ballast by taking 
one-half the weight of the rail, ties, and ballast, above the bottom of the 


ties for a distance of 22 in., and multiplying it by the coefficient of sliding 


_ friction, taken as unity. For loose ballast, 7 = 0.5 (192 + 175 + 755) 


e=56d. 1h : and, for packed ballast, with the usual degree of cementation, 
it would seem that 1000 lb per tie per rail, is all that could be depended 
on. Table 4 is illustrative of the manner in which (Al) mx, the rail 
end movement, varies with variation in temperature change, when T 


-= 1000.lb and P = 0.3 F. Items Nos. (3) and (4), Table 4, represent 


the conditions that are said to have existed at Mechanicsville, so far 
as temperature change and rail end movement are concerned. The divi- 
sion of restraint as between ties and joints are the results of the writer’s 
construction and about this there may be a difference of opinion. 


TABLE 4.—Variations 1n CAI”) max 


) 
Changes in Joint Number of Critical 
Tie tempera- | Restraining| restraint ties, NV, Critical end move- 
Item No.|restraint, 7) ture, At, force, F, |(P—0.3 F),| required length, l”, ment, 
in pounds | in degrees | in pounds in pounds | to develop in feet (Al) pmax 
Fahrenheit force, F in inches 
(1) (2) (3) (4) (5) (6) (7) 
(CORRS Sete 1 000 100 281 600 Free end 432 792 2 
CD ecceeiciens 1 000 100 281 600 84 480 197 361 1 
(Sel aged 1 000 82 230 910 69 270 162 297 H 
(AES, Be 1 000 58 163 330 49 000 114 209 = 


Where the welded track is isolated (that is connected at both ends 
by unwelded rail with the usual joints), these rail end movements, even 
in the case of Item No. (2) are not alarming. They would not result in 
any greatly enlarged rail gap, as in all three cases, the value of P is 
sufficient to distribute this movement through from two to four joints. 
Insulated joints, however, would present a problem, particularly in Item 
No. (2). Required to withstand a tensile force of 281600 Ib they would 
be able to withstand only 84480 lb, and a rail gap of 2 in. would result 
if the joint failed. The only recourse, as a matter of precaution, would 
be to install several ordinary rails on either side of the insulated joint 
so that this movement could be distributed through several joints, or to 
adopt some extraordinary means of increasing the joint resistance. A 
similar problem will be encountered at all switch-point joints, on the 
frog side as well as at the heel joints of all frogs. Here Condition No. (GB). 
Table 4, would obtain, due to the break in the continuity of the main- 
track rail by the switch-point, and the 2-in. rail end movement would 
have to be provided for either by a single expansion joint, or by the more 
simple expedient of installing about four or five rails with ordinary joints, 
in advance of the switch-point and heel, to distribute this movement. For 
obvious reasons, both economical and practical, welding through yards 
involving main-track turnouts should be avoided, and the welding should 
be terminated at the entering and leaving turnouts to yards. 
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Item No. (1), Table 4, shows that (Al”)mx amounts to 2 in. when the 
joint resistant is zero. It follows, therefore, that if a rail broke at a tem- 
perature drop of 100°, there would be a rail gap of 4 in. If no special 
track construction was used to utilize the tie resistance, the rail gap 
would be 8 in. This is one reason why it is advisable to bind the rail 
to the ties throughout, rather than just for a distance, 1”, sufficient to 
develop the force, F. 

It is apparent that if a rail broke, or if for any reason a section of 
rail were removed, it should be replaced by one of identical length, 
otherwise abnormal rail stress or rail end movement may result when 
the temperature changes radically in the other direction. The repair of a 
broken rail at a radical temperature change without restoring the rail 
gap, has the effect of creating a free-end condition at the break at that 
temperature as regards rail strain, without providing any means for 
rail movement when that temperature alters radically. What would 
happen under a radical change in temperature in the opposite direction 
is best illustrated by studying some specific case, such as that of a 
welded track laid at 80° F. A rail breaks at zero temperature, leaving 
a gap at the break of 2% in., and is repaired by cutting out a distance 
sufficient to accommodate a new 39-ft rail and then re-welding. The 
temperature subsequently rises to 180° F. How will the rail stress and rail 
end movements at 130° compare with these same factors if the rail had gone 
through temperature changes and not broken? What happens can be 


130°F 


After Break 


: Bef 
1'=148 Ft; N=81 Ties ee 


Ale axs he In, 


366,080 Lb 


cf= 


1’= 290 Ft; N=158 Ties After Break 
Alinax= Ye In. Before Break 
Fig. 6. 


best illustrated by reference to Fig. 6, which shows that, had the rail not 
broken, the rise in temperature to 130° would have resulted in a unit com-_ 
pressive stress of only (140800) + 12.86 = 11000 lb and the rail end 
movement would have been 3; in. 

The breaking of the rail at 0° F and its repair by adding 4 in. to 
the length would result in a concentrated compressive stress at the break 
of 366080 + 12.86 = 28500 lb when the temperature rises to 130° F. 
This stress would hold as long as the break was far enough away from 
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End A for the ties and joint restraint to develop a force of 366080 lb. 


In Fig. 6 this distance is 148 + 414 = 562 ft. Fig. 7 shows the condi- 
tions that would exist had the rail broken 800 ft from the end ot the 
welded section. The theoretical gap at the break would be 1§ in. at 
zero temperature which it may be assumed, was not restored when repaired. 
When the temperature rises, a movement of the rail end will occur equal 
to 1$ + Al”. 


1'= 300 Ft; N=164 Ties 
Al’=% In. 

After Break 
Before Break 
F-P=163 630 Lb 


¢ f=223 630 Lb 
C -P=60000 Lb 


F’-P=157 700 Lb 
<= Before Break 


a ee 
1’= 290 Ft; N=158 Ties 


A Uinax = Me In. 


tf=225 280 Lb 


Fig. 7. 


When a temperature of 130° is reached, a peak of maximum value for 
F will arise at Point C, Fig. 7, determined by the value of the joint 


‘yesistance plus the tie resistance developed in 300 in. This value will 


be 60000 + (300 x 12 x 1000) + 22 = 228 630 lb, or equivalent to a 
maximum unit stress of 18400 lb per sq in. The rail movement at 130° 
will be equal to 1 + Al”. From Equation (18) the value for Al” is # in, 
and the total rail end movement will be 2g in. 

Should the break occur at or very close to End A, where the only 
force is the joint restraint, the rails would separate very little if they 
broke. Even if they separated considerably, the neglect of correction 
would have no effect on the stress in the welded section. The sole effect 
of this neglect would be to limit the room for expansion at higher tem- 
peratures, in the joints of the adjacent unwelded track. 

This discussion shows that the repair of broken rails without restor- 
ing the original strained condition, may result in one of two conditions: 
Either the stress may be radically increased locally, adding to the hazard 
of buckling track, or the end movement may be increased radically, creat- 
ing a necessity for expansion joints. Repairs in cold weather would 
create excessive compressive strains in hot weather, and repairs in hot 
weather would be likely to create excessive tensile strains in cold weather. 
It follows, therefore, that welded rail should be repaired wherever possible 
at or close to the temperature it was laid, and that any work of this 
kind will require the most rigid rules and careful supervision. 

Although rail welded into continuous stretches should reduce greatly 
the necessity for lining and surfacing track, all such work would have 
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to be done with the utmost care. “Out of face work,” such as raising 
track, cleaning cribs, and re-ballasting, should not be undertaken except 
at temperatures bordering on that at which the rail was laid, say, between 
55° F and 95° F. (“Out of face” is a term used by track forces; it 
denotes a fairly long piece of track as distinguished from the one or 
two rail lengths. “Out-of-face surfacing,” means the raising and tamp-— 
ing of all joints continuously; “spot surfacing” means just raising a 
joint here and there.) 

With due consideration to the features mentioned, the writer can see 
no reason why welding of rail into continuous stretches cannot be prac- 
ticed with perfect safety, with resulting economy, and greatly improved 
riding conditions. 


Frank B. Wauxer,” M. Am. Soc. C. E. (by letter).”*—The mathematical 
formulas developed by the author are of interest to maintenance-of-way 
engineers, and the conclusions derived are apparently confirmed, at least 
in part, by the experience of the Eastern Massachusetts Street Railway 
Company in maintaining 210 miles of unpaved, welded track. At one 
time, there were 150000 welded joints on that street railway. 

The major part of the welding on this track was done from 1919 to 
1923, but the change from trolley cars to buses during recent years has 
caused the abandonment and removal of most of it. The rail sections 
welded were 48-lb, 60-Ib, and 75-lb tee-rail (Am. Soe. CG. E. standard). The 
standard track consisted of 6-in. by 8-in. by 8-ft wooden ties, spaced* 
2 ft on centers; 54-in. by #s-in. track spikes; and 6 in. to 12 in. of gravel 
ballast. There were no tie-plates. The rail welded in 1919, 1920, and 1921, 
had few expansion joints although some of the sections were more than 
a mile in length, as indicated in the following list: 


Location Feet of 
: track welded 

Brockton arid Easton iniowire (eee. a 15 600 
Boston-Randolph Gree .n fcc al cea ed ee ee 10 000 
Brockton; Orescentw Street. .act we ee 6 300 
Salem-Danvers' Line 2c0e. igoedc ea. eae: ao eee 8 300 
Danvers-Danvers’ Center Line, .. 22.5.2... 2205.0... 6 400 t 
Peabody-Danvers 'Line wly.aene eo eee eee 11 600 


No serious difficulties due to expansion or contraction were encountered 
in maintaining such long sections of welded track. Occasionally, during 
a very cold winter night, especially when the temperature was falling 
rapidly to near zero, a rail would break. Rail defects, together with 
high tension due to temperature changes, were believed to have been the 
cause, as they occurred only in old rail. New rail did not break under these 
conditions. It may be assumed that the difference in temperature from ; 


Mad Chf. Engr., Bastern Massachusetts Street Ry.., Boston, Mass. 
*a Received by the Secretary March 26, 1937. 
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the time of welding to the time of failure was from 70° F to 100° FE 
Only one or two of the so-called “sun kinks” occurred during hot weather 


(see Fig. 8). 


Fig. 8—View or a “SUN-KINK” ON A WELDED TRACK. 


When the rail broke, or when a sun kink appeared, expansion joints 
were installed (not necessarily at the break), about 20 rail lengths or 
ze 600 ft apart on tangents and at the ends of long curves. After the 
installation of expansion joints no sun kinks occurred, but rail breaks 
on old rail did occur oceasionally. Sometimes these breaks were at long 
distances from the expansion joints, and at other times only a few 
feet, or a rail length, away. Where expansion joints were 660 ft apart, 
it was thought at first that the expansion would be 6 in.; but it was 
soon learned that the actual expansion did not exceed one-half the antici- 
This phenomenon is mentioned by the author in con- 
the Victorian Railways in Australia. 

s were examined during hot and cold 
922 to 1934, and their movement, 


pated expansion. 
nection with the experience on 

Hundreds of expansion joint 
2 weather over a period extending from 1 
due to temperature changes only, did not exceed the 2 to 3 in. When a rail 
broke, it gave a very loud report and the ends separated by a distance 
Table 5 contains information concerning thirteen 
fyom the nearest expansion joint, 


never in excess of 2 in. 
4 broken rails, the distance of the break 


and the gap at the break. 
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The rail in Fig. 8 was a 60-lb tee-rail (Am. Soc. C. E. standard), laid 
on chestnut ties, 2 ft apart, without tie-plates, with 54-in. by #s-in. track 


spikes, and about 12 in. of gravel ballast. 
2 ft from the ends of the ties, the double track being in a reservation 


in the middle of a wide street on Broadway, in Lynn, Mass. 


TABLE 5.—Recorp or Raw Famure In Wevpep Track* 


There was a stone curb about 


The photo- 


Distance plese. eee 
Date | Date of He soo “as | Date |Dateof| °® Pa ane the 
Item | welded; | break; nearest break, Item | welded;! break; nearest break, 
No. summer nya expansion bea No. | rerar ie | ears expansion in 
o OLs joint, inches fee Ark y joint, inches 
ig feet | : in feet 
(1) (2) (3) (4) (1) (2) (3) (4) 
eae: 1921 1925 0 1.5 See. 1921 1925 300 1.75 
CAA 1921 1925 300" 1.0 Oe. eit | 1920 1926 500 2.0 
Bacto 1921 1925 100 2.0 IOs See 1920 1926 700 1.25 
he etstale 1921 1925 400 1.0 VES. te 1920 1926 600 1.0 
EK storey oss 1921 1925 250 0.5 Loe 1920 1926 400 1.5 
OLS) 1921 1925 tot 1.5 13 Yara 1920 1926 200 bes) 
Tier ss 1921 1925 0 te eee | OSes bane cel en ba GPE sorts = tic ce seins > - 
| 


* In each case the atmospheric temperature was reported as “ falling”; and, each expansion joint 
was oiled. 


+ Break adjacent to joint. 


graph (Fig. 8) was taken a few minutes after the sun kink appeared. The 
rail was welded in the summer of 1920. It was in service through 
the remainder of that summer, an unusually cold winter, and a late, cold 
spring : 

Some time in early June, 1921, after a cold night, the temperature 
suddenly increased to about 100° F, and this abrupt change produced a 
sun kink, in one track only. The kinking of the rails also moved 
the ties laterally. There was no noticeable bending or displacement of the 
track spikes. It is believed by the Company Engineers that this sun 
kink would have occurred even if a more substantial type of rail-fastening, 
such as larger or more track spikes, screw spikes, or even shoulder tie- 
plates, had been used. As far as had been observed previously the rail 
had been in perfect line and surface. There were no expansion joints at 
_ the time the sun kink occurred, but expansion joints were installed 
immediately and no further trouble occurred. The track was discontinued 
in 1985. 

Another kind of difficulty occurred on a hot summer day when a man’s 
leg was almost cut off when he pulled out too many spikes in renewing ties. 
The rail popped out of the remaining spikes, catching his leg against the 
adjacent rail. 

It is obvious from the author’s mathematical discussion and from the 
testimony of those experienced with maintaining welded track, that 
ballast must be of sufficient width, depth, and character to withstand 
the thrusts put upon it during hot weather; and no doubt the construction 
with tie-plates, and with better means. of fastening rail than by ordinary 
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track spikes, is desirable. The rail will withstand, safely, the additional 
tension induced by a decrease in temperature. It is suggested that no 
welding be done when the temperature is extremely hot or cold. 


Arruur N. Tarsor,” Past-Presient and Hon. M. Am. Soo. C. E. (by 
letter)."7—To many engineers, this paper has brought the news that long 
stretches of continuous welded rail have been used on railroads without 
troublesome expansion and contraction difficulties. To those familiar with 
modern developments in track construction and the nature of the forces 
applied to the track it was not unexpected that, on a long stretch of 
continuous welded rail connected firmly to a suitable substructure of ties 
and ballast, the cumulative anchorage of the ties in the ballast at the two 
ends will reach a total force sufficient to hold an intermediate section sta- 
tionary and fixed through the usual range of atmospheric temperature with- 
out changes in length, except for local effects. In the substructure used in 
present installations the rail is secured firmly to each tie in a manner such 
as to prevent slippage between rail and tie either longitudinally or trans- 
versely of track, and the ties are well bedded in ballast. This anchorage 
must be such as to provide adequately for the great force required to hold 
the intermediate section in a fixed position during temperature changes 
equal to those obtained in both summer and winter exposure and also 
to provide adequate transverse support against lateral buckling during the 
highest temperatures. These requirements imply a construction differing 
from the ordinary run of common track, in which the rail can be lifted from 
the tie a short distance and is held by anchors along its length only 
roughly and not fixedly with respect to the ties; that is, the rail must be 
fastened to the tie so that there will be neither longitudinal nor trans- 
verse movement between them, and the relation between tie and _ ballast 
bed must be one of firmness and security. 

It is obvious that an analysis of the action of welded rail under such 
conditions must be based on known or assumed premises and, as in all 
reasoning, the validity of the analysis will be contingent on the: validity 
of the premises. A start must be made to learn what underlying bases 
to use. 

In beginning an analysis in this matter, one naturally first makes 
inquiry as to the possible ways in which the end portions of the track 
may act. Many questions arise. In developing the anchorage that will 
fix the unmoving intermediate part of the length of the welded stretch, 
does the anchorage act elastically? Does the anchoring force push the 
ties and ballast longitudinally along the track with the changes in tem- 
perature, even in small amounts? Is the nature and magnitude of the 
resistance the same in backward and forward directions—that is, with ris- 
ing and falling temperatures? Do the ties near the end of the welded 
stretch, where the movement of the rail under temperature changes is 

2 Prof. Emeritus, Coll. of Eng. Univ. of Illinois; and Chairman, Committee on Stresses 


in Railroad Track, Urbana, Il 
2a Received by the Secretary April 16, 1937. 
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greatest, give a greater resistance (greater rate of anchorage) than the ties 
at points farther from the end but within the moving length; or does 
the anchorage resistance have the same value (rate) all along this end 
portion; or does some other law govern? 

Whether or not the tie-and-ballast rate of anchorage is uniform along 
the length of the anchorage stretch, does the magnitude of the length of the 
anchoring portion vary with the magnitude of the change in temperature 
of the rail, or is it constant throughout any range of temperature? In 
other words if the rise in temperature from the laying and fastening tem- 
perature is at first 40° and then 40° more, does the 80° increase in 
temperature result in twice as long an anchorage length as the 40° increase? 
~ Then, there are questions as to the source of the anchorage. Granting 
that the rail does not slip over the tie (considered as essential in this form 
of construction) is the anchorage due to friction of the ties on the ballast 
by reason of pressure of the tie on, and in, the ballast so that the anchorage 
rate will have a constant value throughout any given anchoring stretch; or 
does the anchorage utilize some compressive resistance in the ballast, ties, 
and fittings? If the latter, does the movement of the tie within the ballast, 
bed vary with the longitudinal anchorage force developed? How can 
the rail at the end of the stretch move without a movement of the ballast? 
For sensible movements of the rail end, will the tie move sufficiently to leave 
a crack behind it which would be closed on reversing the temperature 
change? Furthermore, if the ultimate resistance is reached, what will be 
the nature of the failure (all materials have their ultimate resistance) ? 
Will it shear along a plane under the ties, or what? 

These queries and others, although important, must mostly await further 
experience and investigation. Without definite and explicit informa- 
tion concerning some of them it is natural that in starting an analysis the 
easiest and simplest assumptions would be chosen first. The simplest and 
most probable assumptions to use would seem to be that for a given track: 
(1) The anchorage rate is uniform in magnitude over the length of 
the end portion that acts as anchorage restraint; and (2) the value of the 
rate of anchorage force is constant regardless of the magnitude of the change 
in temperature from the laying temperature of the welded rail. 

These two assumptions are made by Mr. Africano, at least implicitly. 
They were chosen tentatively by the writer when, in 1935, he began con- 
sidering the phenomena of long stretches of welded track preliminary to 
planning tests and observations on the track of the Delaware ard Hudson 
Corporation for the Track Stresses Investigation of the Joint Committee 
on Stresses in Railroad Track, which is a co-operative investigation of the 
Society and the American Railway Engineering Association. The assump- 
tions formulated at the time with other statements of the accompanying 
conditions in part were as’ follows: 


eTo study the general action of the track in a preliminary manner, 
use may be made of assumed anchorage conditions. The simplest one and 
the one most likely to come to mind is the assumption that each tie toward the 
ends contributes the same increment of force and these many increments 
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together accumulate a force of sufficient magnitude to restrain and anchor 
the intermediate portion of the rail fully so that it will not contract or 
expand under the given change in temperature. A second simple assump- 
tion may be made, which at first thought may be considered a corollary of 
the first one although it is not, that the magnitude of the restraining 
force developed at a tie along the two anchoring stretches of the long rail 
has a constant value regardless of the magnitude of the temperature change. 
The validity of these two assumptions can be tested from observations on the 
action of the track. At any rate they will be useful in discussing 
the possible magnitude’and distribution of the anchorage forces and the 
movement of the end portions under temperature change.” 


In the study, the calculus method was first used similar to the method 
given in the paper, but the premises assumed were so simple that it seemed 
sufficient and preferable to use the analogy of constant increments of force 
and of constant acceleration, following the laws of mechanics, and at 
once write the equations for length of anchorage and for rail movement 
without the more formal phraseology of the calculus. The force transmitted 
through the joint at the end of the stretch was included readily in the 
general consideration. It should be stated that this discussion refers to 
stretches with a length more than sufficient to give full anchorage. Some 
of the further statements formulated at that time (omitting the derivations 
and using the notation of the paper under discussion) were: 


“(1) The anchorage force required to restrain the intermediate portions 
of the length of rail so that it will not change its length with a change 
in temperature is: 


Pe GN A ee ek. ate gey enae (26) 


this force being independent of the length of the fully restrained part and 
the unit stress there being s = Atn HL. (See Equation (2).) 

“(9) Calling 1” the length of the end part of the rail (that giving 
the anchorage to the intermediate and fully restrained portion), under the 
assumption of a uniformly increasing stress in the rail from zero at the end 
of the rail to the full stress, s, at the other end of the anchorage and, like- 
wise, to the full anchorage force, Atn HA, the movement of the end of the 
rail will be one-half the full temperature expansion or contraction for 
the length, /’; that is, 0.5 Atnl’. Likewise, the distribution of the anchor- 
age force along I” will be per unit of length, 


BPO, Ain) bee tae ae ee (27) 
Ws ibe 
Likewise, the length of the anchorage under the assumption made, is: 
ES Le Pe NR Re or Pe (28) 
q 


Even with the assumptions used further information will be needed. 

“(3) From Assumptions (1) and (2) and Equations (26), (27), and (28), 
certain deductions may' be made: (a) Assumption (2) implies that for any 
given change in temperature the full available anchorage force per unit of 


Jength (and likewise the anchorage force per tie) will be developed and 


applied on the anchorage portion, whether the temperature change is small 
or large; and by Assumption (1) this same maximum available anchorage 
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force per tie is applied uniformly along the anchorage portion; (b) the Jength 
of the anchorage portion with a given available anchorage unit per 
length or per tie will vary directly as the temperature change—twice as 
great a temperature change will require or use twice as long an anchorage 
length; and (c) the movement of the rail end for the same conditions will 
vary as the square of the temperature change—twice as great a tempera- 
ture change will result in four times as great a movement at the rail end.” 

Naturally, the observational tests on welded track of the Stresses in 
Track Investigation were planned to cover the validity of the two assump- 
tions. As the results of the tests are giving needed cumulative information 
as to the action of welded track, it seems germane to the’ discussion of this 
paper to present some of the results which bear on the assumptions made in 
the analyses, with a very brief statement of the methods used in the 
observations. 

Reference points and readings to determine longitudinal and lateral 
movements of the rail along the track had been included in the program 
undertaken by the engineers of the railroad companies; it was thought 
not necessary to duplicate these observations. ‘The method of test chosen 
was based on strain-gage measurements longitudinally along the web of 
rail (8-in. or 10-in. gage lengths) on gage lines distributed throughout the 
length of the stretches, with simultaneous measurement of the rail tem- 
peratures along the stretch and frequent comparison of the strain-gage with 
reference bars or comparators. The strain-gage measurements were made 
at several rail temperatures in summer and winter. The rail temperature 
was found, accurately and quickly, by an open-ended thermo-couple and 
portable potentiometer. An invar reference bar of known expansion co- 
efficient, a short piece of rail similar to that in the track, and, later, a 
compensating comparator giving almost no variation in length with changes 
in temperature were used in the tests; temperature and temperature cor- 
rection for both rail and instrumental equipment, of course, were of extreme 
importance in securing accuracy of data. 

As an example of the distribution of the gage lines, their spacing 
on the mile stretch of the Bessemer and Lake Erie Railroad may be cited. 
Beginning at the ends of the welded stretch, gage lines were placed on 
both rails, at distances from ends, of 3, 10, 30, and 584 ft; then at intervals 
of one rail length to the tenth rail; then at distances of two lengths to 
the twenty-fourth rail length; and finally at distances of four rail lengths 
to about the mid-point of the welded stretch. Additional gage lines were 
placed at points of special interest. by reason of curves and other local 
conditions. ‘ 

It was not convenient to make observations at the time of the rail 
laying; besides, later adjustments by track men and other changes, would 
have rendered data taken then of doubtful value for the purposes of the 
investigation. Observations were made in September, 1935, on one 
stretch of track of the Delaware and Hudson Railroad Corporation at 
Albany, N. Y., and on two stretches at Schenectady, N. Y.; the length of 
these welded stretches varied from 0.5 mile to 1.3 miles. Further tests on these 
stretches were made in January, 1936, August, 1936, and January, 1937. 
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Observational tests have likewise been made on the mile stretch of welded 


G.E.O. track of the Bessemer and Lake Erie Railroad Company near 


Pittsburgh, Pa. in July, 1936, and February, 1937. The rail on the 


Albany stretch was 130-Ib and on the others, 131-lb. The alignment of these 


_ stretches contained various curves from 1° 30’ to 7 degrees. In the sum- 


“mer tests, rail temperatures were made as high as 120° F and, in the 


TAS 


- winter tests, observations were made at rail temperatures as low as 18° F. 


Tests were also made at medium temperatures. Observations in the early 
morning, or on cloudy days, were useful to form a basis of comparison 


; for the changes in length in the rail. Generally, check sets of readings 


were made along the stretches. 

A few of the results of the tests on the Bessemer and Lake Erie Rail- 
road will give an idea of the nature of the information obtained in all 
the tests. In Fig. 9 are plotted the changes in length observed along the 
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mile stretch for two representative series in summer and two in winter. 
The position along the stretch is shown in terms of rail lengths of 39 ft 
each. Naturally, the temperatures of the rail at any time varied somewhat 
as the conditions of shade and exposure varied, and these variations affected 
the stresses and the movements. The rail temperatures along the track 
for the series shown were 108° to 118°, 59° to 60°, 26° to 33°, and 18° to 
19°, F. As the changes in length from one temperature to another are 
quite minute, for ease in picturing values the unit strains (inches per inch) 
have been translated into equivalent stress per square inch in steel for 
representation on Fig. 9—that is, that stress which would be developed 
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in the rail if an external force had produced the given change in length 
without any change in temperature. The observations before sunrise on a 
day in July with a rail temperature of 53° F, were taken as the’ basis or 
zero line for the diagram. 

It will be noted that throughout the intermediate part of the welded 
stretch (about 0.9 mile) very little change occurred—only small local 
changes—the rail having been held closely to one length through all these 
variations in temperature. As the differences are generally so small, not 
all the points for the four series are plotted on the diagram. For the 
end portions of both rails, and for both the summer and the winter tests, 
the rails changed length through an average distance of about seven rail 
lengths. This change in length increases rather regularly from the points 
at the end of the intermediate portion (which may be thought of as the 
point of fixation) to the end of the welded stretch, showing a lengthening 
in summer and a shortening in winter, with some rounding off in the line 
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of the end portion as it approaches the intermediate portion. The data 
indicate that the magnitude of the winter and Summer temperatures has 
not particularly affected the length of track over which expansion and con- 
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traction occurs in each end portion, and that the long intermediate portion 
Z remains practically fixed in position with the various changes in tempera- 
ture at the time the observations were made. It is evident that under 
__ these conditions there is no pull or drag on the ties of this intermediate 
~ portion, except as may be caused by differences in exposure and other local 
~ conditions. 
g In Fig 10 are recorded the stresses developed in the rail throughout the 
length of the stretch based on the rail temperatures and strain-gage readings 
~-at the time of observation as compared with readings at a base temperature 
of 53°F, which were taken before sunrise in the summer of 1936 with 
temperature conditions very uniform over the entire stretch. For the sum- 
~ mer observations, at an average temperature of 113° F, the relative compres- 
- sive stresses over the intermediate 0.9 mile are about 12000 lb per sq in., 
and for the winter observation at a temperature of about 16° F, the relative 
tensile stresses average somewhat less than 8000 lb per sq in., both values 
being based upon the aforementioned readings at 53° F; this means that 
the zero reference line represents the stress at 53° F. If the reference line 
were placed at 63° F, the temperature at which the rails were originally 
fastened in the track (the difference of 10° in temperature representing 
approximately 2000 lb per sq in.), the corresponding compressive stress 
on the summer test would be approximately 10 000 lb per sq in. and, for 
the winter test, a tensile stress of aproximately 10000 lb per sq bay) dehy 
summer temperatures higher than those observed and for lower winter 
temperatures, in accordance with other data obtained, the stress may be 
expected to increase in proportion to the increase in change in temperature 
_ from the 63° base. For the winter tests, the end portions show a tapering 
off of stress over the distance of, say, seven rail lengths to nothing at the 
z end. For the summer tests, there was a similar tapering off in seven rail 
lengths to a stress of 2000 to 6000 Ib per sq in. at the end. This end 
compressive stress was doubtless transmitted through the joint connecting 
the welded stretch to the regular track beyond. Incidentally, it may be 
remarked that joints have, been found to transmit tensile and compressive 
forces to the adjacent rail equivalent to as much as 4000 and 6000 Ib per 
sq in. of rail section, respectively. 

The data given in Figs 9 and 10, corroborated by data of the track tests 
at Albany and Schenectady, indicate that within the range of temperature 
observed the magnitudes of the change in temperature for different series 
having different temperature changes do not particularly affect the length 
of track over which expansion and contraction takes place at each of the 
end portions. It is apparent, too, that the central part of the stretch has 

- yemained practically fixed in position through the summer-to-winter interval. 
The change in length and in stress over the end portions of about seven rail 
lengths, is fairly regular with some rounding off near the point of fixity, 
although, of course, there are changes in position from time to time at 
the extreme ends of the welded rail and the movement here is not always 
regular. The length of the end portions which give anchorage to the inter- 
mediate portion, and the stress set up in the intermediate portion correspond 


; Pebaetbeie a | 


1166 TALBOT ON NEW THEORY OF RAIL EXPANSION Discussions 


to an average anchorage or restraint of about 600 Ib per tie per rail in each 
direction for the temperatures of 113° F and 16° F as counted above and 
below a laying temperature of 63° F. If the anchorage length remains 
fairly constant for temperatures above or below the aforementionad range 
as is indicated to be the case by the data of the various tests, the cor- 
responding anchorage force would be proportionally greater than 600 Ib. 

It may be added that no indication was observable of any visible move- 
ment between the ballast and ties one way or the other at the times of 
the tests or of any particular change in length of the anchorage developed. 
It was found, however, that breakage in imperfect welds and readjustment 
of track in cool weather have, in places, changed the conditions of stress 
and anchorage considerably. It is not known, of course, what the ultimate 
shearing strength of the. ballast bed may be. The track seems to have kept 
close to an elastic condition of strength. 

As the data of the tests on this stretch of welded rail, and also on the 
other stretches tested, show that the rate of anchorage is fairly uniform 
over the end portions, Assumption (1) in the analyses is borne out by 
the tests. The tests, however, indicate that the length of the average anchor- 
age portion remains about the same for different values of the change in 
temperature. This conclusion is not in accord with Assumption (2) of 
this discussion referred to previously as having been made by the writer in 
his earlier study of the problem, nor with an implied assumption of the 
paper that in a given track the anchorage force is a constant regardless 
of the value of the difference in temperature. In other words, the tests 
indicate that 7’ is not the same for different values of At, but varies nearly 
as Ad. 

As a consequence, it follows that Equations (8) and (9) and others 
in the latter part of the paper are true only when the value of T used cor- 
responds to the given At. It also follows that Item (2) in the second para- . 
graph following Theorem 1 (that the expansion varies as the Square of the 
temperature difference for a given track) is not warranted. The tests on 
the tracks of the Delaware and Hudson Railroad and on those of the 
Bessemer and Lake Erie Railroad indicate that the expansion at the end 
of the welded stretch varies as the first power of the change in temperature 
rather than as the square, and also that the length required to develop the © 
force, F, is largely independent of the magnitude of the change in tempera- 
ture, referring, of course, to more than slight changes in temperature. Care 
should be taken in the use of the formulas given in the remainder of the 
paper where the reader may be led to think that JT is implicitly used as 
constant for a given track. Caution in this respect is Suggested in the use 
of Equations (18), (20), and (21). It may be implied from the wording 
in Example 4 that the value of 7 is the same for a temperature change of 
100 ° F as for one of 58° F. This assumption is not in accord with the results 
obtained in the Stresses in Track Investigation. These several inaccuracies 
in the analysis and its applications affect the usefulness of the “theory” in 
a way that seems to warrant calling the attention of the reader to them. 
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These comments are made in the light of what has been learned so far 


in the observational tests of four stretches of long welded track, all of which 
é are in a sense experimental. It is planned to continue the seasonal tests 
= to learn the changes that occur at later dates when time and traffic may 
“have had their effects. As stated by Mr. Africano further fundamental 


knowledge of the physical action of welded rail in track is needed. It will 
take time to secure this information. Much more must be learned of 


welds before welded track, with its higher investment in welds and sub- 


structure, will be generally accepted as a standard for high-grade track. 
That interest has been aroused in this type of construction is shown by 
the starting of an investigation on continuous welded rail at the Engineer- 
ing Experiment Station, University of Tllinois, through a co-operative agree- 
ment with the American Railway Engineering Association and the Associa- 
tion of American Railroads. The Investigation will study the strength, 
ductility, and durability of continuous welded rails made by different 
processes. It will doubtless find the quality and uniformity of the metal 
at the welds and at each side of them as well as the uniformity of surface 
and line and the wear of the joint under repeated rolling loads for both 
sample joints and joints cut from track. 

Tt may not be out of place to suggest that Mr. Africano’s recognition of 
the desirability of giving the track anchorage throughout the entire length 
of the welded stretch might well be made much stronger. Without con- 
tinuous rigid support, breakage of rail in the intermediate portion of the 
welded stretch and other accidental events might lead to serious trouble. 
To make a further comment: The coefficient of linear expansion of steel 
varies over quite a range; the International Critical Tables give values in 
the range of rail steel from 0.0000055 to 0.0000072. For 131-lb rail tested 
at the University of Illinois, Urbana, Tll., the coefficient was found to be 
0.0000063. This differs appreciably from the value, 0.0000073, given in the 
paper. : 

The author is to be commended for putting forth an analysis in a new 
field, even without having adequate experimental evidence of the action of 
continuous rail in railroad track. 


Ranvon Fercuson,” Assoc. M. Am. Sog, OG. E. (by Jetter).**—As a 
member of the test party of the Special Committee on Stresses in Railroad 
Track of the Society and the American Railway Engineering Association, 
the writer has been engaged on tests on several sections of long welded 
track. A short discussion on some of these tests has been published else- 
where.“ Further discussion and description of various installations are 
also available in the reports of the Committee on Rail of the American 
Railway Engineering Association. 

Although the tests are not complete at the present time certain com- 
ments of a tentative nature may be made as to the results. It is doubt- 


22 Agst. Engr., Joint Comm. on Stresses in Railroad Track, Uniy. of Illinois, 
Urbana, Ill. 

za Received by the Secretary, April 16, 19387. 

2 Proceedings, A. R. H. A., Vol. 87, 1936, p. 954. 

* Loo, cit., p. 465; and, also, Bulletin 393, A. RB. B. A., p- 498. 
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ful whether the nature of the tie resistance is frictional, as assumed by 
the author. <A frictional resistance would imply that the value of the 
tie resistance, 7, is a constant for any given track for all temperature 
changes if end movement occurs, as it apparently does, and that the 
length of track giving anchorage would depend on the temperature change. 
Instead, the tests on the track of the Delaware and Hudson Railroad 
Company and the Bessemer and Lake Erie Railroad Company indicate that 
the degree of tie anchorage on a given track varies with the magnitude 
of the temperature change, and that the length of track giving anchorage 
remains constant for all changes of temperature both winter and summer. 
The tie resistance has also been found to vary somewhat near the ends 
for a given temperature; or, in other words, the force or stress diagram 
is not necessarily a straight line, as the author indicates in Equation (8). 
The tracks tested have been found to be quite completely anchored 
except for the end portions where the periodic expansion or contraction 
due to temperature occurs over a distance of about five to twenty 39-ft 
rail lengths. 

It should be stated for the benefit of readers who are not intimately 
familiar with the existing installations of continuously welded rail, that as 
far as known all installations of welded track for standard railroad ser- 
vice have special fittings designed to anchor the rail firmly to each tie. 
A clip and bolt fastens the rail to the tie-plate on both sides of the rail 
and the tie-plate is fastened to the tie with screw spikes. This greatly 
increases the available longitudinal restraint as compared with the usual 
practice of applying three to six rail anchors per rail. Ordinarily, the rail 
anchors are effective in one direction only. Of course, the fastenings must 
be provided over the entire stretch whether or not they are doing any 
work. Any rail breakage, in a weld or elsewhere, at once requires the 
track adjacent to the break to be capable of withstanding forces of ~ 
the same magnitude as those occurring at the normal end portions, 

The tests have indicated the development of tie resistances of about 
600 lb per tie per rail in each direction, with a rail temperature range 
of 50° above or below the laying temperature. The limiting value of the — 
tie restraint is not known from the tests. Any appreciable slippage { 
observed has been through the clips, and this occurred in a few cases 
when a rail broke or the end joints were loosened for adjustment. The 
ballast in all cases was snugly bedded against the ties with no evidence 


of the tie working back and forth along the track. : 
The range of temperature of the rail may be as much as 150° over q 

period of a year. In the absence of sunlight or protective covering, such 

as snow, the rail follows the air temperature quite closely. On a bright 


day, either winter or summer, the rail may be as much as 40° warmer 
than the air temperature if there is no breeze. With snow around the 
rail, the rail temperature has been found to be 10° to 15° warmer than 
the air temperature, thus minimizing the effect of low air temperatures, 
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A. N. Rence,” M. Am. Soc. C. E. (by letter).°*—In directing attention 
to factors influencing the amount of rail expansion, that have quite generally 
been neglected in the past by engineers in the United States, this paper 
serves a useful purpose. Not only does the new theory that Mr. Africano 
describes apply to long welded rail installations on the rigid type of track, 
but it shows equally well that expansion requirements for rails of ordinary 
length, secured only with cut-spike rail fastenings, are appreciably less 
than the theoretical requirements based upon the assumption that the rail 
is free to expand without restraint. 

For example, in a 181-lb rail having a cross-sectional area of 12.86 sq in., 
a force of 12.86 x 0.0000065 « 30000000 = 2500 Ib, is required to restrain 
the rail fully through a temperature change of 1° F. Assuming that six-hole 
joint bars, with bolts tightened, will develop sufficient frictional resistance 
so that a force of 75000 Ib is required to slip the rails within the bars, 


75 000 


then, for a temperature increase or decrease of » ore 30 tak >. there 
2 500 


would be no rail end movement. This joint restraint would then be sufficient 
to prevent rail expansion or contraction through 60° of the seasonal varia- 
tion in rail temperature, or almost throughout one-half the range. Thus, only 
one-half the expansion allowance, ealeulated for the rail without restraint, 
need be allowed. To secure full advantage of this condition, however, it 
would be necessary to lay the rail at temperatures ranging from less than 
20° of the maximum to more than 30° of the minimum. 

The use of longer and continuously welded rail offers a prospect of 
material improvement in the track structures, and studies, such as that 
of the author, are invaluable in acquainting engineers with a new field 
into which they are destined to “travel.” 


G. M. Maczz, Esq.” (by letter).”*—In recent years, the expansive action 
of rails subject to joint and tie restraint has been given intensive study in 
Germany by several investigators. In addition to theoretical analyses of the 
temperature change and restraining forces, considerable research work was 
conducted to determine the actual values of joint and tie restraints. The 
adoption of a new track construction as standard on the German National 
Railways in 1925, provided a tie-plate fastened to each tie with four screw 
spikes, a compressed wooden shim between rail and plate, and a firm 
fastening of rail to each plate by two clamp bolts, clamps, and double-coil 
spring washers. This construction has also been introduced in the United 
States. 

Tt was found that with this type of fastening, the rail did not slip 
through the plate, but that where longitudinal movement of the rail did 
occur, the rail, ties, and ballast within the cribs moved as a unit, presumably 
slipping along a horizontal plane at the bottom of the ties. In 1929, Ammann 


2 Chf. Engr., Kansas City Southern Ry., Kansas City, Mo. 
2a Received by the Secretary May 3, 1937. 
2 Asst. Engr., Kansas City Southern Ry., Kansas City, Mo. 
2ba Received by the Secretary May 3, 1987. 
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desecribed™ an interesting experiment in which a panel of track was espe- 
cially constructed on crushed rock ballast, a concrete buttress placed at one 
end, and known longitudinal forces applied to the rail ends by hydraulic 
jacks, in order to determine the tie resistance to longitudinal movement 
of the rail. Later investigations were made on track in traffic use and 
under different weather conditions. A tie resistance of 881 lb per running 
meter of rail was observed for 24 wooden ties per 15-m rail length. 

As a result of the analysis of expansion movement with proper considera- 
tion of tie and joint restraint the rail lengths in use on this type of track 
construction were generally increased from 15 to 80 m (approximately, 49 
to 98 ft, respectively) by welding two rails when the old rail was serviceable, 
or by purchasing new rail of 30-m length. Trial installations were also 
placed of 60 and 120-m lengths. 

Long welded installations of rail have been placed in open track in 
the United States on two railroads. The first installations were placed 
on the Delaware and Hudson Railroad, using a type of construction similar 
in principle to the German fastening, but differing principally in that two 
spring clips and bolts secured the rail to the tie-plate and no shims were 
used. An installation of long welded rail has also been placed on the 
Bessemer and Lake Erie Railroad, using the German type of construction. 

The new theory of rail expansion described by Mr. Africano explains the 
apparent phenomena of placing rail with no provision for expansion and 
shows that, in this welded construction, expansion movements may be 
analyzed by known engineering principles. 

Although, as Mr. Africano points out, the rigid rail fastenings are 
required only at the ends of long welded rail to restrain the expansion, it 
should not be thought that these fastenings are not needed at the intervening 
ties. Their function is a highly valuable one at the intervening ties to 
prevent excessive opening of the rail in the event of rail breakage in cold 
weather and to resist track buckling in hot weather. Should the track 
begin to buckle at a point of weakness, the rail is held from running into 
this point of weakness and a “sun-kink” is thus prevented in its beginning 
stages. 

The rail stresses due to restraint of the expansion must not be dis- 
regarded. Should rail be laid, welded, and secured in the hottest weather, 
a maximum tension stress due to temperature effects in the coldest weather 
of approximately 30000 Ib per sq in. should be anticipated. This would 
be additive to the rail bending stresses and would place too large an added 
burden on the rail. The laying of this type of track at mean temperatures 
would equalize the disadvantages of stress due to rail tension in winter 
and track-buckling forces in summer. The maximum rail-tension stress 
of 15000 lb per sq in., due to temperature effect, which would be developed 
in this method of laying, is probably not too severe for the heavier rail 
sections that weigh 131 lb per yd, or more. 

7 “Tatest Investigations in Regard to the Effect Which the Longitudinal Forces Exert 
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The effect that wave action of traffic may have on tie resistances for 
long welded track are not yet well determined. Preliminary measurements 
indicate that with traffic in one direction, the rail is likely to show some- 
what more movement at one end of the long welded rail than at the other. 
Tt does not seem, however, that this will appreciably alter the analytical 
determinations. 

There is also some question as to whether the tie resistance to hori- 


- zontal movement may be considered as an elastic resistance similar to the 


modulus of track resistance, u, to vertical depression. It is to be expected 
that the tie resistance is more in the nature of a frictional, rather than of an 
elastic, resistance. 

The author is to be commended for his invaluable analysis of this 
new and important subject. 


H. D. Hussey M. Am. Soo. OC. E. (by letter).**—The assumption is 
made in this paper that long welded rails are laid in tangent, level track, 
and the author has developed a method of computing the stress in the 
rails and the end expansion, for a change in temperature and a known tie 
resistance. When the rails are laid on a curved alignment, the radial com- 
ponent of the stress in the rails produces a force which tends to displace 


the ties laterally. This radial force on each tie is: 


PE Ne REO Toc ci - (29) 

r 
in which, in addition to the notation of the paper, Ff, = radial force on 
one tie, in pounds; and r = radius of curvature. Mr. Africano has demon- 


strated that s = 219 lb per sq in. for 1° change in temperature. It is seen 
that F, decreases as the radius of curvature increases, and that, in a 
straight track, it becomes equal to zero. For example, assume that 131-lb 
rails are laid on a 1° curve and that the tie-spacing, é, is 22 in. Then, 
by Equation (29), F, = 1.80 lb for 1° change in temperature. For 100° 
change in temperature, F, = 180 lb. This force must be added to (or sub- 
tracted from) the radial force on the tie that is due to a train passing 
around the curve. When the temperature is higher than that at which the 
rails were laid, these forces will be additive, but when it is lower, they 
will counteract each other. 

Equation (29) can be used in the computation of vertical forces exerted 
by rails that are curved in a vertical direction, as in the case of vertical 
curves at the top of a hill or the bottom of a valley. A horizontal and a 
vertical curve occurring at the same point is an unfavorable combination. 

Research on long welded rails should include the determination of the 
lateral resistance of ties in track on curved alignment and the action of 


curved rails. 
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ECONOMICS OF HIGHWAY-BRIDGE FLOORINGS 
OF VARIOUS UNIT WEIGHTS 


Discussion 


By Messrs. HENRY C. TAMMEN, MILLER MCCLINTOCK, JOSEPH G. 
SHRYOCK, AND C. CALOR MoTA 


Henry C. Tammen,’ M. Am. Soc. OC. E. (by letter)**.—In view of the 
many new developments in light-weight highway-bridge floorings during 
recent years and the interest of engineers in such floorings as evidenced 
by their increasing use, this paper is very timely. It should be of material 
help in the analysis of the economics of such floorings. 

The author develops the relative economy of two floorings by the com- 
parison of sums composed of two items: (1) The construction cost of the 
flooring and of certain special floor parts affected by the flooring design; 
and (2) the construction cost of the remainder of the superstructure and 
of the substructure. : 

For any flooring the amount of the first item (the cost of the flooring 
and certain special parts, shown in Table 2) is to be determined by each 
engineer for himself. It is to be expected that, for the same flooring 
and for the same structure, different engineers will reach somewhat differ- 
ent results. This might follow from variations in the design procedure 
(which is not yet standardized for many of the floorings); from variations 
in fastenings of the flooring to its supports (regarding which there are 
wide differences of opinion); from variations in minimum metal thick- 
nesses; or from other causes. Some engineers will find it ‘difficult to 
accept thicknesses of 1 to 3 in., or even less, as proper for a primary 
element carrying heavy loads such as a flooring, after having thought and 
worked for years with such members in terms of 7% in. and 2 in., or even 
greater thicknesses. The question will arise as to whether such thick- 


Norn.—tThe paper by oy Aes Waddell, Ho 
February, 1937, Proceedings. Discussion on thi 
follows: April, 1937, by Jonathan Jon 


*Cons. Engr. 


n. M: Am. Soe. C. E., was published ih 


L S paper has appeared in Proceedings as 
es, M. Am. Soc. C. B. 


(Ash-Howard-Needles & Tammen), New orks» Noeers 
40 Received by the Secretary April 20, 1937. ¢ 
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nesses should be considered satisfactory at all, and also, whether a non- 
corrosive coating should be applied to the metal or whether the safe life 


of the flooring making use of such thicknesses should not be considered very 


much less than that of, say, the standard flooring. 

To give a true economic comparison between several floorings, the 
writer would consider it proper to add to the flooring costs suitable amounts 
to cover an allowance for amortization of the flooring cost in cases where 
the safe life cannot be taken the same for the several floorings being com- 


' pared. Similar allowances should properly be made also for differences in 


anticipated maintenance costs, including painting, snow removal (where 
applicable), and other maintenance items. For open-grate floorings the 
average annual maintenance painting cost may be in excess of 1 et per sq 
ft, requiring the annual interest on an investment of 20 or 25 et per 
sq ft, or more. For light-weight floorings having only a flat-bottom steel 


surface to be painted the cost will be only a fraction of the foregoing 


es ee 


values, whereas for concrete floorings this cost disappears. Clearly the 
capitalized maintenance costs may vary substantially with the flooring 
type and may require consideration in any determination of comparative 
economy of several floorings. 

With reference to the costs making up the second item (shown in Figs. 
igeton se), vere should be no question regarding the portion of this cost 


- which represents the superstructure. The superstructure cost. is quite 


definite for each span length and, without doubt, the author’s determina- 
tion of it is as accurate as can reasonably be made. However, there may 
be material variations for different structures in the portion of this cost 
which represents the substructure. 

Inspection of the cost curves for simple spans shows that minimum 
costs are found for spans between 200 ft and 300 ft for the various types 
of floor, for various roadway widths. Clearly, these are the economic span 
lengths for the grade line and foundation conditions which have been 
assumed by the author. Granting that, in actual structures, the span 
lengths in general conform’ closely to the economic, it would follow that for 
such economic structures the substructure costs and the saving effected 
by the use of lighter floorings which would result from the use of the 
cost curves, are too high for spans less than the foregoing and too small 
for greater spans. This applies also to the cost curves for cantilever spans 
where the several curves show minimum costs for spans between 700 ft 
and 800 ft. | 

In arriving at his substructure quantities, the author has used increas: 
ingly smaller piers with the lighter flooring. Many times the ponders 
are such that the pier shafts and, more frequently, the base sizes which 
would be adopted for standard concrete flooring are minimum sizes to give 
stability for the dead, live, wind, water, ice, and other load conditions for 
which provision must be made, and would not be decreased even if a 


light-weight flooring were used. 


, 


py 


i 
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To make the cost data more generally useful in the analysis for struc- 
tures with foundation conditions varying from those assumed in the 
paper, it would be helpful if the superstructure and substructure costs 
could be separated, and it is hoped that the author will find it possible to 
add this information in his closing discussion. 


The writer has been particularly interested in the statements made 


with reference to economy of light-weight floors on movable spans. He 
has had occasion to make use of light-weight floors many times on such 
structures. The earlier applications on vertical lift spans involved merely 
the use of a light-weight aggregate in the concrete floor-slabs, these slabs 
being supported on closely spaced cross-beams to reduce slab thicknesses 
to a minimum. Even with the limited weight reduction practicable by 
this means, it was found possible with economy to ship such light-weight 
aggregate from its point of production in Kansas City, Mo., as far as 
San Francisco, Calif., and Canada, and in the latter case also to pay a duty 
on the aggregate. 


Cost in Cents for Each Pound of Difference 
in Weight of Fixed Spans — 


Average Weight of Two Fixed Spans, in Millions of Pounds 


Fic. 11.—DIFFERENCES IN Cost or CONVERTING Two FIxepD 
SPANS OF DIFFERENT WEIGHTS INTO VERTICAL Lirt Spans. 


Some years ago, the writer prepared estimates of quantities and costs 
for a group of vertical lift spans; from these he determined the cost of 
converting an ordinary fixed span into a vertical lift Span and, finally, the 
increase or decrease in this conversion cost resulting from an increase or 
decrease of 1 lb in the weight of the fixed span. The results, revised to 
conform to present design practice, are shown in Fig. 11 in convenient 
form for use. They are based on towers with inclined rear legs supported 
on truss approach spans and on the conventional method of operation 
with the machinery at the middle of the lift span, but should apply veut 


4 


¥ 


4 
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generally also to spans with “tower drives”. The make-uy of the total 
cost, in cents, for Point a, Fig. 11, is as follows: 


Tower and span metal .......-..-- 0.397 Ib @ 5.5 ct X 0.75 =1.85 
Counter-weights —«. ++ ee ee eee ee 1.153 Ib @ 1.0 ct x 0.75 = 0.30 
Tower sheaves, shafts, and bearings 0.111 Ib @ 15.0 ct X 0.75 = 1.25 
Uo gene eae ome cna ..\ 0.044 Ib @ 20.0 ct x 0.75 = 0.66 
Balance chains ......-s+eeceeee cree 0.052 Ib @ 8.0 ct X 0.75 = 0.31 
Operating machinery ...-.-.--++++:- 0.028 lb @ 20.0 ct x 0.75 = 0.42 
Motors, engine, house, etc...... +. see eeereeeecer se ress testes 1.00 

Ber eee ee ca POs he, 5 et oleae iw Sata Soo Sissepeluge tingly, = yo Fas olaie aes Geatg nas 5.86 


Z The same unit prices were used for all other points. The factor, 0.75, 
used with the assumed unit prices conforms to Equations (2), (8), and (4), 
‘given by the author which means that any reduction or increase in cost 
resulting from a change in quantity of an item is calculated by assuming 
that the quantity change takes a unit price equal to three-fourths that 
for the original quantity. In making a comparison of lift-span costs for 
two floorings, enter the curves with the average weight of the fixed spans 
for the two floorings. The difference is weight of the two fixed spans multi- 
plied by the unit cost taken from the curves, will then represent the 
total cost saving in the movable span superstructure by use of the lighter 
of the two floorings under consideration. 
Referring to Fig. 11, the average weight of two fixed spans may be 


in which A is the weight of the heavier fixed span; 


. expressed as A+B 


> 


and B is the weight of the lighter of the two. Similarly, the total differ- 
ence in cost may be expressed as (A — B) C2, in which Cz is the cost per 
~ pound, taken from the curves of Fig. 11. The costs given by these curves 
include only the superstructure, and the savings shown by them for light- 
weight floorings are in addition to any savings for fixed spans that may be 
shown in the analysis presented by the author. 
- Fig. 11 indicates clearly the value of light weight in the flooring 
of a vertical lift span. The economy in a bascule span by use of light-weight 
flooring, in general, will be somewhat less than on vertical lift spans, 
due to the absence of ropes and to the fact that the dead weight of the 
3 span and counterweights has only a minor effect on the operating machinery 
and power requirements. The latter are determined largely by the wind 
: loads. The saving in counterweight cost on basecules by the use of light 
- flooring, on the contrary, may be several times that for lift spans, due to 
an increased ratio of counterweight weight to span weight and, frequently, 
also to a reduction in the unit weight of counterweights. The conditions 


for bascule spans are 0 variable that it is not practicable to show, by 


curves, the effects of weight changes in the span. 


~ enti 
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Miniter McCuntock,’ Ese. (by letter)**—Shortly after the first installment ; 
of an open steel-mesh flooring was made in the University Bridge, in Seattle, , 
Wash., the writer, attracted by the possibilities of such light-weight construc- : 
tion for the decking of elevated, limited-way, structures, visited Seattle and 
made observations of the characteristics of the installation. On the basis of ' 
these observations and other tests and considerations, he recommended the 
use of this type of open steel-mesh flooring for a system of elevated limited 
highways then being designed for the City of Chicago, Ill. The incorpora- 
tion of this type of light-weight flooring made it possible to reduce the size ~ 
of various structural units and resulted in substantially lowering the esti- 
mated unit costs. The cost element, however, although important, was not 
the main factor which justified the recommendation. The writer was seeking 
a flooring completely flat in character and without pitch or crown for the 
purpose of improving the riding characteristics of the structure. To obtain 
such a flooring, it was necessary to design a decking which would be self- 
draining. This function of the open steel-mesh decking was very satisfactory 
and, in turn, eliminated certain structural costs in the design of drainage and | 
run-off systems. The added economy of self-snow-cleansing was not without 
importance in the consideration. 

A further very important economy was found in the capacity of this open 
steel-mesh flooring to pass a substantial percentage of normal light and air. 
In view of the fact that many of the elevated limited way structures, as 
designed, were contemplated for construction over existing streets, this was 
an element of very considerable significance. It eliminated in all or in part 
the necessity for day-time illumination for street surfaces under elevated 
structures and materially reduced contemplated damages to abutting property 
owners. 

In the writer’s opinion, this paper indicates a trend in thinking which 
should have substantial influence upon future designs of bridges and similar 
types of structures. There appears to be a particular need to obtain a 
simpler and less expensive type of construction for the thousands of grade- 
crossing separations which will be required in the near future. 


JosEPpH G. Suryock,’ M. Am. Soc. C. E. (by letter).°"—This timely and 
useful paper brings out many points of interest to the bridge and struc- 
tural engineer, and emphasizes the fact that the lighter the floor, 
the greater will be the difference of cost per square foot over that of the 
conventional standard designs, and that there is doubtless a point on 
long-span bridges where the saving in weight of the floor-slab is offset by 
a sacrifice of lateral stiffness and rigidity of the structure. 

All forms of solid floor construction, whether of concrete or steel, 
or a combination of both, form a horizontal girder capable of taking 
and absorbing a large percentage of the lateral stresses; this attribute is 
lacking in the open type floor. 


5 Director, Bureau for Street Traffic Research, Harvard Univ., Cambridge, Mass. 

*4 Received by the Secretary April 21, 1937, 

®Vice-Pres., Director, and Chf. Engr., Belmont Iron Works, Philadelphia, Pa. 2 
Sa Received by the Secretary, April 29, 1987.3 
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- All standard bridge specifications call for a specified 3-in. minimum 


“thickness of material, even for lacing-bars and redundant members, and 
only permit less thickness for lining and filling vacant spaces. 
In 1900, the author presented" specifications for steel highway bridges 


which read as follows: “No metal less than 34 of an inch in thickness 
shall be used, except for filling plates; and in important bridges this 
limit shall be increased to 2 of an inch.” Even with modern bridge steel, 


corrosion is still an important problem, and leaves only a relatively small 


factor for permanent strength on any ;-in. member. 


Tt would be advisable, therefore, to design an open-grate floor to meet 
standard specification requirements, as to minimum thickness of material 
‘and minimum size of structural rivets. To add a supplementary jack 
system to support the conventional open-grate floor properly, doubles the 


; number of pieces in the floor system and their maintenance as well. 
~ Owing to the importance of future maintenance on all major structures, the 


“modern engineering tendency is to use as few members as possible of 


rolled sections without lacing, thereby not only reducing secondary stresses 


to a minimum, but the cleaning and painting of the structure as well. 

Whether it is of masonry or steel, solid or open, the floor-slab is a 
structural member of major importance; it receives not only the maximum 
concentrated wheel loads, but a greater percentage of impact than any 
other member in the bridge, and, in addition, is subject to abrasion or 
wear from moving loads. 

On long-span bridges, each pound per square foot saved in the dead 
Joad of the floor becomes an important factor. Savings, therefore, of as 


- much as 50% of the weight of the standard type of floor would effect 


“economies without undue sacrifice of stiffness and rigidity. To reduce the 
weight of the floor to only 25% of the standard, however, could scarcely 


be secured without a sacrifice of these important requirements. 


QC. Cator Mora,’ Esq. (by letter).““—In a course of bridge design for civil 
engineering students this paper is indeed a very useful one, and it is 


especially adapted to the practical use of the bridge designer. The most 


striking characteristic of the paper is its accurateness and completeness. All 


possible factors that may cause a change of metal weights in the trusses and 


~ floors per linear foot of pridge, are considered carefully and also any varia- 


tions from the basic assumptions adopted. There is no question but that, 


in order to obtain the partial unit-cost curves of the paper, an enormous mass 
of data was necessary which only a designer of long experience could 


~ make possible. Table 2 is indeed a valuable tool for computing the total 


cost of structure per linear foot. 

This paper, similar to that entitled, “Weights of Metal in Steel Trusses”, 
by the same author, constitutes a creditable contribution to technical litera- 
ture in the economics of bridge engineering. 


7 “De Pontibus’, 1900, p. 226. 

%’ Head, Dept. of Civ. Eng., Univ. of Puerto Rico, Mayaguez, Puerto Rico. 
8a Received by the Secretary May 14, 1937. 
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DISCUSSIONS 


NATIONAL ASPECTS OF FLOOD CONTROL 
A SYMPOSIUM 


Discussion 


By Messrs. FRED C. SCOBEY, HOWARD T. CRITCHLOW, T. T. 
KNAPPEN, M. C. TYLER, GORDON R. WILLIAMS, ARTHUR T. 
SAFFORD, W. G. HoyT, J. D. ARTHUR, JR., JOHN H. MEuR- 
SINGE, H. K. BARROWS, E. D. HENDRICKS, AND EDWARD W. 
BUSH ; 


Frep C. Scosry,” M. Am. Soc. C. E. (by letter).“*—In the Symposium 
under discussion reference is made to the use of snow surveys, in forecast- 
ing floods. When sufficient snow-survey data have been accumulated for 
any major water-shed then, of course, excessive snow depth and water 
content will be indicative of a heavy run-off. This information ean be 
directly applied to streams in which floods are always, or nearly always, 
dependent on snow melting, such as the Colorado River of the Far West. 
For streams in which floods are developed by torrential rains alone, or by 
hard rains on top of snow, such as occur in the Gila River water-shed, of 
course a snow survey does not apply or merely indicates a contributing 
factor. 

In 1936, snow surveys were extended in the West, by many agencies 
acting through the U. S. Bureau of Agricultural Engineering as a clearing 
house, until now they cover nearly all the Western States. The purpose 
of this information is to forecast run-off by the Bureau of Agricultural 
Engineering through its Irrigation Division. Primarily, the interest of. 
this agency lies in irrigation and supplemental power, although, of course, 
the information developed is equally valuable to hydro-electric interests, to 
those responsible for city water supplies, and to the operators of the flood- 
control reservoirs that lie in the Southwest and other parts of the country. 

The writer believes that the snow-survey data, thus collected, will 
induce its extension until all the major streams, at least in the West, 


Notn.—This Symposium was presented at the Fall Meeting of the Society and at the 
meeting of the Waterways Division, Pittsburgh, Pa., October 13 and 14, 1936, and pub- 
lished in March, 1937, Proceedings. This discussion is printed in Proceedings in order 
that the views expressed may be brought before all members for further discussion of the 
Symposium. 

** Senior Irrig. Engr., U. S. Dept. of Agriculture, Berkeley, Calif. 

%a Received by the Secretary May 8, 1937. 
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Z have sufficient courses established and under observation to enable their 
e. performance for the following season to be known. The purpose is not in 
3 terms of a snow survey to determine merely how much snow lies on the 
: ground, but wholly as a point on a definite curve from which one can 
~ forecast the probable run-off from that stream during the following year. 
_ A long-time accumulation of such points gives a curve of reasonable 
_ accuracy. 


Howarp T. Crircuiow,” M. Am. Soo. OC. E. (by letter).**—It is scarcely 
"necessary to emphasize the importance of the collection of fundamental 
- data to which Mr. Wolman refers as the bookkeeping of the water-resources 
' problem. There is an economic aspect to this problem, namely, that its 
- solution requires money and that such money must be obtained, in most: 
__ cases, from Government agencies. The writer has had a little experience 
with trying to get money from State legislatures for this purpose in order 
that the State may co-operate with the Federal Government in the collection 
of this necessary information. Engineers who appreciate the importance of 
these fundamental data, should make that fact known to the people who 
~ have control of the “purse strings” in the Federal Government and in the 
_ State Government. Tt does not require large sums, but it does require 
- sufficient money to increase the facilities for collecting this information. 
_ This subject is discussed at some length,” in a report of the National 
~ Resources Committee on “Deficiencies in Hydrologic Data.” 


nS? 


AN 


T. T. Kyappen,*? M. Am. Soo. C. E. (by letter).**—One gains the 
: impression from reading the interesting group of papers in this Symposium 
that flood-control engineering is as yet a poorly developed branch of the 
profession. The economic aspect of the problem seems to be the least 
- developed in the opinion of most of the authors, although the engineering 
side provokes a rather varied discussion. There is manifested a feel- 
- ing that the problem must be dealt with on broader lines than in the past, 
that technically it must be considered as a major problem in stream 
_ planning and development, and that, economically, new values must -be 
reflected in the determination of justification if the popular demand for 
adequate protection is to be met. 

These demands point the need for a critical overhauling of the methods 
of handling these problems in the past and, to-day, there is every evi- 
dence of this development in that section of the profession connected with 
flood control. Essentially, the problem may be divided between: (1) Hydro- 
logical studies, concerned with snowfall, rainfall, run-off, and flood char- 

— acteristics; (2) planning, which includes the investigation and design of 
flood-control structures, such as reservoirs, walls, dikes, floodways, and 


36 Bngr. in Chg., State Water Policy Comm., Trenton, N. J: 

36a Received by the Secretary April 14, 1937. 

87Rept. of the Special Advisory Committee on Standards and Specifications for 
Hydraulic Data; Submitted by the Water Resources Committee on April 18, 1936, to the 
National Resources Committee. 

38 Prin, Engr., North Atlantic Div., U. S. Engrs., New York, N. Y. 

38a Received by the Secretary April 238, 1937. 
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channel improvements; (3) flood routing, which is used to determine the 


effect of such works on flood stages; and (4) economic studies, which deter- 
mine the justification for the construction of flood-protection works and 
relative merits of the various plans considered. 

Hydrological Studies—The recent experience with disastrous floods on 


many of the important rivers of the United States has modified the Ameri-— 


can engineer’s ideas as to the probabilities of their occurrences. Many 
engineers now are dubious of the value of frequency studies developed on 
the short recorded experience available, particularly in view of the con- 
stantly changing condition of water-shed development. A natural develop- 
ment is an investigation in the meteorological field that will indicate 
the possibilities of maximum precipitation conditions and a_ possible 
upward revision of intense rainfall frequencies. Another major considera- 
tion is the change in water-shed development that has been occurring over 
many years, the determination of its effect on run-off, and a consideration 
of curative or alleviating measures. The necessity for more basic data 
along these lines is apparent to every engineer dealing with these prob- 
lems, and it is to be hoped that the curtailments that have resulted in 
the partial cessation of these activities in many parts of the country will 
come to an early end. 

Planning.—Rarely to-day does one hear of proponents of levees, reser- 
voirs, or channel improvements declaring that their method is the only 
one to use. On the other hand most engineers realize that any major 
plan may combine all of these, as well as other methods, such as floodways, 
outlets, and water-shed control. Furthermore, it is becoming more apparent, 
as emphasized by several of the authors, that flood control cannot be 
separated from other developments in water conservation and must be con- 
sidered in civic planning and regional development plans. 

Mr. Uhl has indicated that, in the New England States, flood control 
can be secured as an incident to power development with a reasonable 
degree of safety. Others may question the dependability of such control, 
but regardless of individual opinion, at least in many instances economic 
planning requires that the two be considered together. Another important 
factor is the need for increased stream flow for sanitary reasons which may 
justify a greater measure of conservation than power alone. The reason- 
able combination of these needs with those for flood control, together 
with a careful economic valuation of available storage and its most beneficial 
use, is an important regional problem. The solution of such problems has 
an important bearing on the planning of flood-control structures. 

Flood Routing—Only through ‘accurate flood routing can the effect of 
flood-control works be determined and their economic justification estab- 
lished. Messrs. Morse and Thomas take a rather pessimistic view of the 
developments along this line and suggest that model studies under way at 
the Carnegie Institute of Technology, in Pittsburgh, Pa., offer the best 
solution to this problem. They seem quite hopeful that these models will 
give accurate results in the determination of the effectiveness of proposed 
works. Although the writer feels that the use of these models is unques- 
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tionably a wise move and that they will give valuable results, he is also 
of the opinion that recent developments in the analytical handling of 
these problems have eliminated their objections partly and that excellent 
results are now being obtained with the methods developed on the Mus- 
kingum flood-control project, in Ohio. 

It should be emphasized that the analytical flood-routing methods can 
be checked by applying them to known past floods. When properly made, 
these checks have resulted in accurate reconstruction of past floods. This 
procedure seems parallel to that used in the model studies, in which the 
model is adjusted for known past floods. 

The analytical method is based upon the principle that constant ratio 
exists for any reach of the river, between the valley storage in the reach 
and a weighted flow determined from inflow and outflow. The equation 
may be written, 


es ¢ LOND lise feat 0.0 00s Ou) ih ala ee eee (3) 
X (ig — 4) + (1.0 — X) (02 — 04) 

in which K = ratio of storage increment in the reach, in day-second-feet, to 
corresponding weighted flow increment, in cubic feet per second; ¢ = time 
unit of computation, in days, or in fractions of a day; X = fraction of 
weighted flow increment that is derived from the inflow increment; u, %, ete. 
— total instantaneous inflow, in cubic feet per second, to a reach at the 
beginning of successive time units (t); and, 01, 02, ete. = corresponding 
instantaneous outflow to a reach at the beginning of successive time units. 
The numerator in Equation (3) is the storage increment, in day-second- 
feet, and the denominator is the corresponding weighted flow increment, 
in cubic feet per second. If the denominator is rewritten in the form: 
(Go) EX [Ce — 4) — Corr 0:)], it is apparent that the first term 
represents the “prismatic” storage below the normal surface slope, and 
the second term represents the “wedge” storage increment. It will be 
noted that this eliminates at least part of the objection expressed by the 
authors to the analytical method. This method was brought to its present 
development by Thomas 8S. Burns, M. Am. Soc. C. E., and Frank B. Hark- 
ness and G. T. McCarthy, Assoc. Members, Am. Soc. C. E., in the flood- 
routing studies on the Muskingum project. 

The analytical flood-routing method as.now applied is believed to give 
fair results on the main stems of important rivers but in most cases 
its application is not practicable on the tributaries particularly where 
many streams of about the same relative importance are coming together. 
For such cases, some method of developing modified hydrographs for reser- 
voir systems is needed, which will account for the location and the collec- 
tion characteristics of the controlled areas as well as their extent. Possibly, 
the technique of model analyses can be developed for the accurate solution 
of such cases. At the same time there ig a need for an analytical method 
that can be used at least for preliminary studies. 

Economic Studies—Mr. Jacobs states that: “The construction of flood- 
protection projects on a monetary economic basis alone is a thing of the 
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past. Where the lives of human beings are endangered and where great — 


suffering may occur as the result of floods, protective works should be 
constructed.” This statement is qualified later in the paper by the fol- 
lowing: “It is also essential that those who must pay for the protective 
system have full knowledge of the cost, of what burden they must bear, 
and of what security the final developed plan provides.” 

On the other hand Mr. Uhl states, 


“Attempts have been made to rationalize the second problem, namely, 
that of flood prevention or reduction, on a purely economic basis. If 
definite information were available, the solution would be relatively simple; 
the maximum expenditure economically justified to prevent recurrence of 
certain flood damages would be the capitalized present worth of the damages 
over the period of flood frequency causing them.” 


Somewhere between these points of view the answer to the problem 
must lie. Taking the case of an individual community planning to pro- 
tect itself, it can determine its policy knowing the costs and the degree 
of protection. The people of that community may see more to the prob- 
lem than the capitalized value of average annual damages. They may 
do as the people of Dayton did, after the 1913 flood—envision a blighting 
of their community, an almost complete abandonment of the flooded areas, 
with the loss in private investments therein far in excess of the capital- 
ized annual direct and indirect flood losses based on frequency calculations. 
Cities such as Pittsburgh, Pa., Hartford, Conn., Binghamton, N. Y., Spring- 
field, Mass., Wheeling, W. Va., Cincinnati, Ohio, Louisville, Ky., -and 
Paducah, Ky., can take little satisfaction from statistical computations 
that show the average annual losses to be small based upon frequency 
studies. They are faced with the plain facts of tremendous property 
depreciation and restricted development, creating a situation in which 
_ the assurance of protection against future floods has a value in excess 
of the capitalized average annual value of flood losses. 

The writer would like to suggest that the answer to the problem lies 
neither in the abandonment of all economic rules nor in the strict applica- 
tion of the criterion of capitalized value of average annual flood losses 
in the accepted sense, but rather that it may be found in the determina- 
tion of benefits which may be concerned with the restoration or mainte- 
nance as well as the appreciation of property values depreciated by flooding, 
with an added evaluation of the benefits to Government property and of 
the benefits due to elimination of indirect damages outside: the flooded 
areas. This attitude is based on the assumption that the intangible values 
not ordinarily evaluated, such as fear of loss of life, mental distress, 
tendency to abandon flooded areas, ete., as well as direct flood losses, are 
reflected in such depreciation. 

The evaluation of these benefits although difficult, may be worked out 
and the need for flood protection established in such places as the Ohio 
River, Connecticut River, and Susquehanna River Valleys where recent 
disastrous floods have demonstrated the vulnerability of the valley towns. 


On the other hand, may there not be many other places as vulnerable that. 


‘2 
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4 have not felt the disaster of a major flood to “drive home” the necessity 


Pine a 


“for, and value of, flood protection? Despite the previous floods, the citi- 


zens of Pittsburgh were not sufficiently flood-minded before 1936, to 
demand protection and to be willing to pay at least part of the costs. 
Prior to the 1937 flood, it would have been most difficult to convince the 
people of Louisville or Paducah that their cities were in danger of serious 
flooding. Certainly, there is a necessity for the development of sound 
engineering and economic methods for determining need for protection, 
not only for places which floods have attacked, but also for those places 
which, although equally vulnerable, have not felt the scourge of a major 
flood in recent times. 

Assuming that the need for flood protection can be evaluated on a 
broad enough basis to justify protection for the more populated sections, 
it should be possible to apply the developed data to the internal economics 
of various projects. There are many problems to be solved therein, such 
as the relative balance between reservoirs, channel work, and levees, the 
economic size for any reservoir, the height to which levees should be 
built, etc. The solution of these problems requires the careful develop- 
ment of the basic data by zones and elevations as well as extensive flood- 
routing studies to assign values to the units under consideration. Further- 
more, frequency studies are necessary as a basis for the determination of 
average annual values. 

The economic problem is not a simple one in any case and on large 


river systems becomes highly involved; but only by the application of 


thorough field investigations and office studies can adequate and sound 
economic, as well as engineering, studies be developed. 


M. OC. Tyrer,” M. Am. Soc. C. E. (by letter «An excellent account 
of the situation with respect to flood-control work by the Federal Govern- 
ment has been given by Colonel Covell. He has traced the legal and 
legislative procedure through which the United States has passed to reach 
the stage at which the Congress has authorized many worthy and bene- 
ficial projects for the protection of lives and property from the ever-re- 
curring ravages of excessive flood flows caused by periodic extraordinary 
precipitation. 

Tt was inevitable that, sooner or later, the people would demand that 
the National Government assume some obligation for the protection of 
citizens from the injuries and devastations caused by floods which fre- 
quently arouse so much human interest, first in one section of the 
country and then in another. Flood-control works, of necessity, affect 
the navigation of rivers in some manner, and it is logical that the Federal 
Government should accept its proper function with respect to flood control. 

The Constitution of the United States confers upon Congress the power 
“to regulate commerce with foreign nations, and among the several States, 
and with the Indian tribes,” and by this provision there was transferred 


%” Brig.-Gen., Corps of Engrs., U. S. Army; Asst. to Chf. of Hngrs., War Dept., Wash- 


ington, D. C. 
> 39a Received by the Secretary April 22, 1937. 
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from the States to the Federal Government the control of all the navigable 
waters of the country for the purpose of navigation. At first, it was seri- 
ously doubted whether the power to regulate, comprehended the right to 
improve; that is, whether the improvement of rivers and harbors was a 
subject of national concern and of constitutional appropriation. In May, 
1824, Congress passed the first Act to improve navigation entitled, “An 
Act to Improve the Navigation of the Ohio and Mississippi Rivers.” About 
that time the luminous decision of Chief Justice Marshall, in the case 
of Gibbons vs. Ogden, established clearly and indubitably the power of 
Congress with respect to the waterways of the country which could carry 
interstate commerce, and removed completely the doubts of earlier years. 
That decision of the Supreme Court of the United States marked the 
birth of a permanent Federal policy of river and harbor improvement—a 
policy which has grown from year to year with the increase of population 
and needs of commercial transportation. Now, flood control also has been 
made a national activity by Federal law. 

The general flood-control bill approved June 22, 1936, and the Overton 
Flood Control bill approved June 15, 1936, were studied for a period of 
almost two years by committees of Congress. They were based on the 
reports of the Chief of Engineers containing the results of studies extend- 
ing over a long period of years. The Mississippi River Commission is con- 
tinuously engaged in studying the flood-control problem on the lower river, 
and advance planning for additional works necessary to provide full 
protection has continued with the prosecution of the works authorized for 
construction by Congress. The voluminous and comprehensive data pre- 
sented in the reports of the Army Engineers” provide the principal basis 
for national planning with respect to the development of water resources. 
They permit the preparation of a program for such development on a 
scale limited only by advisable expenditures. This program may go hand 


in hand with the development of land resources, reforestation, and meas- ~ 


ures for the prevention of erosion and retardation of run-off. It is very 
seldom that major flood-control structures conflict or interfere with other 
water uses. 

The Flood-Control Act of June 22, 1936, embarked the Federal Govern- 
ment on a flood-control program which is destined to develop in an 
economic and orderly manner so as to afford great and lasting improve- 
ments throughout the land for the preservation of lives and property and 
the betterment of living conditions generally. 

Since the enactment of the general Flood Control Act, the Army 
Engineer organization has been working vigorously in making detailed 
plans for beginning construction by contract of the flood-control works 
authorized. The War Department will be ready, when funds for actual con- 
struction are appropriated, to begin work without delay. In the design of 
dams and appurtenant works, the Chief of Engineers is fortunate in having 


the assistance of many of the ablest and most experienced consulting — 


* House Doc. No. 308, 69th Cong., 1st Session. 
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~ engineers in the United States, and hopes to secure the services of others 
as the need develops. Much help is also being afforded through co-operative 
: arrangements with other Departments and with the hydraulic laboratories 
of universities. 


Although the planning of flood-control works by the Federal Govern- 
ment is in a most favorable and constructive situation, this does not 
mean that everything desired is already accomplished. There is much hard 


_ work to be done, and innumerable difficult problems to be solved. How- 


ever, the ground-work has been well laid. Questions of local co-operation 
as to financing appear difficult, but they can be solved with patience, judg- 


ment, and co-operative thinking. 


Gorpon R. Winiutams,* Assoc. M. Am. Soc. C. E. (by letter).“’—In 
discussing the economics of flood control, Mr. Uhl states that, on a purely 
economic basis, the justified expenditure for the prevention of flood 
damage caused by a flood of a certain magnitude and frequency “would be 
the capitalized present worth of the damages over the period of flood fre- 
quency causing them.” It seems desirable to clarify the procedure implied 
for the determination of future damages for which the present worth is to 
be obtained. There may be situations in which too much reliance on the 
figure for past damages would erroneously justify too large an expendi- 
ture for flood protection and then, again, it might lead to an entirely 
inadequate expenditure. As an example 6f the former situation consider 
the Winooski River Valley which is mentioned by Mr. Uhl. 

The reconstruction that occurred in the Winooski River Valley after 


_ the flood of 1927 was undertaken with the intent of avoiding, as far as 


possible, a repetition of former damages. Consequently, highways were 
relocated on higher ground, concrete and steel truss bridges with large 


openings replaced light bridges with inadequate openings, spillways of 


dams were enlarged, and many people rebuilt their homes on _ higher 


ground. The result is that if the flows of 1927 occur again, the damage 


in the Winooski River Valley will not be as great as it was in 1927. In 
other words, some of the justified expenditure for the control of flood 


- waters was spent at the time of reconstruction. Of course, if flood-control 


measures are adopted immediately after a flood there may be a differ- 
ent policy in regard to expenditures for reconstruction, but if reconstruc- 
tion has already taken place weight should be given to the situation just 
considered. A similar situation may exist in other communities where 
there has been a permanent decrease in the value of property which lies 


in the path of flood waters. 


In contrast to the foregoing example are the more numerous argu- 
ments for using, as a basis for computing justified expenditures, a value 
that exceeds past damages from the greatest flood. Again, taking the 
Winooski River as an example, one finds, that the U. S. Army Engineers 


41 Asst. Hydr. Engr., Water Resources Branch, U. S. Geological Survey, Washington, 
Ds Cs Submitted with the approval of the Director, U. S. Geological Survey. 
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computed that an expenditure of $483 000 was justified for protection against — 
the 100-yr flood. However, this sum should be increased because a struc- 
ture which protects against the 100-yr flood also protects against damage 
caused by the smaller but more frequent floods. Actually this was done 
and the justified expenditure was increased to $1055 000. 

The problem of increasing the justified expenditure because of a pose 
increase in the value of property which will be benefited by flood con- 
trol is analogous to the one of determining, theoretically, the justified 
expenditure for a trunk-line highway. Roughly, the procedure is to take a 
traffic count of vehicles that use existing facilities, and then compute the 
resulting revenue in taxes that will come from the sale of gasoline used 
by the vehicles. Obviously, this does not give a true picture of the situation 
which will result from the construction of the road because there is little 
doubt that the volume of traffic will exceed the original traffic count and, 
in addition, there will be an almost indeterminate saving to private indi- 
viduals and to industries that benefit by the construction of*the road. 
The original estimate of justified expenditure must be increased, but how 
much ¢ 

A comparable situation exists in flood-control planning. If reasonable 
protection is given to river valleys, the cities and towns affected may 
grow, industries may be attracted, property values will doubtless increase, 
and the wealth of the individual citizens will be augmented. In such cases 
the figure for the past flood damages becomes entirely inadequate as a 
basis for determining the price to pay for future protection. 

This discussion has considered the purely economic justification without 
any allowance for the humanitarian aspect stressed by Mr. Jacobs. There 
is no question but that this consideration should be stressed, but not 
to the point where a community assumes a burden which may even threaten 
its financial ability and thereby interfere with the fulfillment of its normal 
commitments. Experience may prove that in some cases the soundest 
method to pay for future damages will be to establish an insurance fund 
maintained at least in part by small premiums paid by those who cannot, or 
will not, move out of danger. 


ArtHur T. Sarrorp,” M. Am. Soc. C. E. (by letter).”*—Engineers work- 
ing on designs of river structures, officials and operating men in hydro-electric 
power stations, and owners and managers of industrial plants located on New 
England rivers will find the paper by Mr. Uhl extremely valuable, not only 
because of the important data, but because of its arrangement and the 
accurate conclusions contained therein. One must have had the experi- 
ence of living and designing structures in and on New England rivers 
to interpret properly flood records. One needs only to-read over the news- 
paper accounts and early reports of the 1927 and 1936 floods, to realize 
how little was known at the time about their causes, and the lessons to be 
drawn from them. Unless records of river heights and conditions given 


ne aes eee eee ae lM ae Dee ec 
* Engr., Proprietors of Locks and Canals on Merrimack River: 
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out during a great flood are correctly reported by newspapers, or correctly 
broadcast, the result is to confuse and make it more difficult for the authori- 
ties to know when and how to act in protecting the public. 

This is one of the many papers contributed by engineers far enough 
removed from the hysteria produced by the floods, to make them valuable 
as a permanent record. Even a year after the Great Flood (which name, 
for many years, will be given to that of March 20, 1936), opinions are 
expressed and plans made for eliminating future floods, which in many 
eases have no more basis than the hope that such a result is possible. 

The writer’s official responsibilities during the 1927 and 1936 floods 
were confined to the Merrimac River, at Lowell, Mass.; but he was in 
the employ of the Water Power Company there, during the floods of 1895 
and 1896 mentioned by Mr. Uhl; and was familiar with the flood marks 
of 1785 and 1852. At Lowell, there are on record six or more floods 
during 150 yr which registered 10 to 13.5 ft on the Pawtucket Dam, 
and about 15 ft of back-water, but which did little damage beyond the 
quiet flooding of streets, cellars, and mill basements. Machinery and house- 
hold goods, and goods in process left on the machines were inevitably 
wet; but the protective margin of a few feet above the peak of these 
floods was sufficient to leave intact all hydraulic structures of the Com- 
pany, due to the foresight of Mr. Francis, by installing the Francis gate,” 
before the famous 1852 flood, as a result of his careful studies of former 


floods. 


Fic. 18—SAnD Bay AND TIMBER Dam Across THE BOSTON AND MAINE RAILROAD WEST OF 
LOWELL RAILROAD STATION. 


The flood of March 20, 1936, on the contrary, which registered a final 
height of 102.02 ft, or 20.02 ft above the crest of the Pawtucket Dam, 


and 6.5 ft above any previous peak, produced an additional 8 ft of back- 
COON are era a ee 


43 Civil Engineering, February, 1937, p. 143. 
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water. For the first time the Merrimac River was not held within its 
ordinary flood channel, but broke through at several points, went entirely 
out of bounds, and isolated large sections of the city. It was only pre- 
vented from wrecking parts of the business center of the city, by a 
skeleton dam, 3.5 ft above the Francis gate, and a timber and sand-bag 
dam across the railroad right of way into the city from the north (see 
Fig. 18). 

After the water subsided, it was found that the city had had a very narrow 
escape from lasting injury. The great mass of fill accumulated over a- 
period of 100 yr and more over low areas on the banks of the river or 
dumps was gone; many neighboring buildings were wrecked; certain 
streets in the path of the flood were left with half the buildings either 
moved or wrecked; the great Northern Canal wall of the Proprietors of 
Locks and Canals (which had been overtopped for the first time in its 
history) suffered serious injury in several places; and most of the con- 
duits carrying electric power to the river mills were so thoroughly wet 
that for nearly a year thereafter, weak places kept appearing and had to 
be replaced. 


Fic. 19.—Axsout THREE-QUARTERS OF CANAL LINING REPLACED; REMAINING QUARTER OPEN 
SHOWING CHARACTER OF BREAK. 

All these structures belonging to the Water Power Company and the 
industrial plants on the river, were repaired before the end of the year, 
although much of it had to be done by continuous week-end operations. 
Fig. 19 shows the repair work in progress, the unfinished part indicating 
the nature of the break. 
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From personal examination and published’ reports by utilities, imsur- 


- ance authorities, and others, apparently these same conditions, both during 


~ and after the Great Flood, obtained at Concord and Manchester, N. H., and 


at Lawrence and Haverhill, Mass. 
The fact that, in the 1936 flood, the stage was 6.5 ft higher, and the 
quantity of water 65% greater than any previous flood, with existing 


z. margins of safety wiped out, would appear to make some improvement 


necessary if these communities are to survive without the anxiety of a 


‘repetition of this situation. 


Any study of flood control for New England rivers would seem to 
require a knowledge of what quantity and height of water had occurred 
prior to this 1936 flood; what additional burdens this flood had placed 


-.on the industrial cities; and what reasonable improvements could be made 


in the nature of reservoirs, channel improvements, and dikes, to bring 
the local control down to the situation as it prevailed during 150 yr or so 
prior to 1936. For Lowell and the Merrimac River, this means a peak 


~ run-off of not more than 100000 cu ft per sec instead of 173 cu ft per sec; 


a depth on the Pawtucket Dam of not more than 13.5 ft instead of 
20 ft; and a corresponding reduction of 8 ft in the height of the back- 
water below the city. 

Assuming flood reservoirs to be actually empty and 100000 cu ft per sec 
to be the maximum at Lowell, and the 17500000000 cu ft of natural flood 


_ pondage above Lowell, Manchester, Concord, and Bristol, N. H., to be not 


reduced, the equivalent of two additional Lake Winnepesaukees would be 
required. 

Mr. Uhl wisely refers to several “partial” solutions, and they should 
be more generally considered as such. The promise of more than this 
simply deceives the public who must pay the bill, either by assessment or 
taxation. These structures may be storage reservoirs, improved channels 
and dikes, and free channel bridges instead of reinforced concrete arched 
structures. All these controls, built and maintained at great expense, may 
not be sufficient’ to reduce the maximum peak at the dams across the 
Merrimac River more than 2 or 3 ft, but even this may be worth while. 

In recent years, New England has experienced storms which may be 
called torrential, and such storms appear to be inevitable both locally and 
over areas of several thousand square miles. They make the White Moun- 
tains and the Green Mountains look more and more like the roof of a 
barn with the run-off, ultimately, being approximately the same as the 
rainfall. Add to this condition the melting snow and ice cover, and 
the conditions existing prior to March 20, 1936, are re-created. 

As a lesson learned from the 1936 flood, it would appear that it is the 
duty of any one in authority on these New England rivers: (a) To under- 
stand, fully, the conditions that under the proper combination of circum- 
stances, may make for a heavy run-off; (b) to have complete records; 
(c) to know how much and how far permanent structures will stand the 
strain; and (d) to have ready at least a skeleton on which to build tem- 
porary barriers well above the permanent structures. Office records in 
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the form of diagrams and photographs should be available and studied from 
time to time, as freshets (even mild ones), occur; and lessons learned 
from each freshet should have their place in the records. 

In addition, an important element in preparing for New England floods 
is time—time to transfer human beings, livestock, and necessary and 
valuable possessions to higher ground. In Vermont, in 1927, besides prop- 
erty damage approaching $40000000, there was a large loss of human life 
(87 were drowned, 55 in the Winooski River Valley), for the most part 
due to the suddenness of the rise of the water and the difficulty in main- 
taining communications. 

Very few lives have been lost in floods of the Merrimac River although the 
time of rescue often has been short. The peak of the 1936 flood at 
Plymouth, N. H., was on March 19, from 8:00 A.M. until noon, and 
at Lowell on March 20, from 5:00 P.M. to 11:00 P.M.; but the Lowell 
peak had been forecasted early on the morning of March 19, the Francis gate 
had been dropped, and work had begun on the protective dams above that 
point by 7:00 A.M. 

The reports and predictions of flood heights from the up-stream stations, 
maintained by the public service companies and other authorities, were so 
frequent and reliable that not only could the highest points to be reached 
be estimated, but the length of the peak. There was ample time to warn 
officials of the city, the U. S. Works Progress Administration, Red Cross, 
State Police, and the National Guard; and as a result of the splendid 
co-operation which American people always have given when they know 
what and when there is an emergency, the City of Lowell did not have 
an appalling loss of life. It speaks for the value of the operating forces 
of the public utilities, beyond that of temporary activities. Most of the 
information broadcast by radio, in so far as it was insufficient or mistaken, 
probably increased the anxiety and may have done more harm than good. 
The radio can be made a splendid addition to the telephone and telegraph, 
if in the hands of proper authorities. 

Some conclusions, which appear to the writer to be warranted by the 
experiences of the March, 1936, flood, and its record-breaking heights, flow, 
and currents, are: 


(1) Engineers and others, concerned with flood work, should think in ~ 
terms of maximum run-off, possible from heavy rains, warm weather, and 
melting snow, and not of what heights had been reached through a limited 
period of years. They should be “conditioned” to the idea of the 100- 
flood. The precipitation and water equivalent of the Pinkham Notch record 
for March, 1936 (29 in.) may occur the next time in almost any of the 
mountain valleys of New England. 

(2) More records should be taken every half hour, or so, for the upper 
rivers and principal tributaries, as well as the main river stations, in order 
to be able to predict whether peaks will be distributed or be concentrated. 

(3) Abutments should be higher; if the last few feet interfere with 
approaches to power or gate-houses, or if there are railroad cuts, such as 
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those at Lowell, Mass., and Manchester, N. H., concrete ribs, with holes 
drilled for plank flash-boards, may be substituted. At the Old Guard Locks, 
at Lowell, an additional 3.5 ft above the Francis gate was taken care of 
without excitement by that form of construction, built after a study of the 
1927 flood appeared to warrant it. 

(4) Every growing industrial city or town, situated on a New England 

river, should have a map showing flooded areas for the maximum flood. 
This should be used as a picture in the acceptance of streets, in building 
bridges, in laying out sewers and in granting building permits. The occur- 
renee of ice jams, accumulating pressure, and wrecking bridges and other 
structures, is always a possibility before the winter is over. No structures 
: should be built which will add to the flood menace of any district. 
4 (5) The valley storage which obtained during the 1936 flood from Law- 
s rence, Mass., to Franklin, N. H. (estimated at 17500000000 cu {t) was 
about 50% greater than the combined storage in Lake Winnepesaukee and 
_ other reservoirs that were already full and discharging before the danger 
= of a higher peak was over. There ig no advantage in depending upon 
flood reservoirs unless they are nearly empty before the extreme test which 
they are expected to meet. 

(6) The duty of setting permanent markers on New England rivers ‘for 
the 1927 and 1936 floods, should not be allowed to be forgotten. The fact 
that the 1936 flood carried 65% more water than ever before, may make 
these records good for a century or more. 

(7) Federal and State operating activities (such as the Weather Bureau, , 

Geological Survey, U. S. Engineer Corps, State police, etc.) should have on 
- file the records of the 1936 flood; and, at times of future floods, they should 
es refer to the unusually good records of the utilities operating hydro-electric 
power stations as well as to their own. Snow records should be much 
increased in number. 
a This discussion does not do justice to Mr. Uhl’s paper and is too per- 
. sonal. Having lived through the strain of the week and more of the floods 
that occurred from March 13 to 20; and afterward waiting for the 
full extent of the damage to be known and another two months before 
repair work could be begun, it is not easy to study any problem of flood 
control for the Merrimac River impersonally; but it leaves one with a 
profound respect for the forces of Nature, and the difficulty of com- 
peting safely with them. 
23 The declivity of New England streams is in their favor. The Pemige- 
. wasset River, at Plymouth, could not have passed 65000 cu ft per sec 
~~ on March 19, 1936, or the Merrimac River, at Lowell, 173 000 cu ft per 
; sec the next day, except for the slope maintained to produce the high 
velocities. Velocities as great as 90 ft per sec were not uncommon. 

Loeal flood eontrol by dikes, and river channel improvements on. limited 
areas, should include the sewerage problem, because of many individual 
outlets into the river. When such outlets “back up” they can be even 
more dangerous to the public than quick flooding by clean water. 
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From the insurance standpoint: If the damage to the Merrimac Valley 
from the 1936 flood was roughly $20000000, and a flood of such intensity 
occurred only once in 100 yr, the sum of $400000 at 4% compound interest 
would pay the equivalent at the end of 100 yr; if once in 200 yr, the 
sum of $8000. There would appear to be a field for flood damage insur- 
ance, as it might be written by companies operating on a national scale, 
to protect at least a part of the investment in industrial plants, stores, 
warehouses, and their contents against loss. 


W. G. Hoyt, M. Am. Soc. C. E. (by letter).“*"—No city of the United 
States of equal size is situated so unfortunately with reference to rapid 
concentration of flood waters as is Pittsburgh, Pa.; yet, with respect to 
flood damage, Messrs. Morse and Thomas describe Pittsburgh as a “lucky 
city,” a description that will be concurred in by all engineers who have 
studied cause and effect of major floods in the basins of the Allegheny and 
Monongahela Rivers However, there seems to be no valid reason why 
Pittsburgh’s luck will always hold. Eventually, Nature’s roulette wheel will 
record a double zero. When that occurs it is sincerely to be hoped that a 
catastrophe will be averted by means of a “superior type” of reservoir 
control combined with an efficient system of flood-forecasting. 

Whether or not a super-storm can occur in the Monongahela and 
Allegheny River Basins simultaneously is a question which, perhaps, 
meteorologists will some day be able to answer. It is true that no such 
outstanding storm has thus far been recorded—the Miami (Ohio) storm 
of March 24 and 25, 1913, and the storm of J anuary, 1937, having had 
their centers to the west, and the storm of March 17 and 18, 1936, to the 
southeast. 

If any of these storms had been centered over the Upper Ohio River 
Basin greater floods would have resulted than the record-breaking flood of 
March, 1936. However, even if it is assumed that precipitation over the 
.basin which has been recorded in the past is an index of future possibilities, 
Pittsburgh has thus far apparently been fortunate, and especially so in 
March, 1936. During February, 1936, there were three thaws in the 
Monongahela River Basin and one in the Allegheny River Basin which 
materially reduced the water content of the snow then on the ground. 
Conservative estimates indicate that the reduction in water content may 
have amounted to between 1 in. and 2 in. in depth over the Allegheny 
River Basin and to between 2 in. and 3 in. over the Monongahela River 
Basin. The minor flood peaks resulting from these thaws broke up and 
removed the unusually thick channel ice. To some extent at least flood 
run-off must have been reduced by increased infiltration as a result of the 
reduction of frost in the ground. All these conditions: were favorable to 
Pittsburgh. 

o Hydr. Engr., (Prin.), Conservation Branch, U, S. Geological Survey, Washington, 

“se Received by the Secretary April 21, 1937. 
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: , 
- Messrs. Morse and Thomas refer to the turning of rain to snow 


eZ above Oil City, Pa., during the storm of March 17 and 18, 1936. An 
zi analysis of the snowfall, rainfall, and run-off during the flood period 
= discloses how important this freak of temperature was in lowering the flood 
crest. Apparently, much of the rain turned to snow not only in the 
Allegheny River Basin above Oil City, but also in the Monongahela River 
Basin above Morgantown, W. Va. ‘The effect of this occurrence was 
- materially to reduce the resultant run-off from that storm. That this con- 
a dition existed is evidenced by the fact that in the upper basins of both the 
Monongahela and Allegheny Rivers the run-off during the period, March 20 
to 31, after the flood crest had passed Pittsburgh, was in excess of the 
precipitation, indicating a postponement of run-off because of the snow 
of March 17 and 18, equivalent to possibly 2 in. in depth of water over 
the basins. The peak run-off during the period, March 20 to 31, in these 
areas, was greater than the peak run-off during March 17 and 18, when 
Pittsburgh was experiencing its maximum stage—a stage very consider- 
ably lower than that which would have occurred if the rain had not turned 
to snow over nearly half the drainage basins. : 
Messrs. Morse and Thomas seem to have departed from an excellent 
presentation of facts into the realm of conjecture when they referred to 
“the man-made floods.” It is true, that at Pittsburgh, Man is occupying 
- the valley and encroaching on the channel that Nature has designed to 
earry the floods and, to this extent, the flood damage is man-made. Getting 
into the way of a flood and being damaged by it however, are far differ- 
ent from making a flood. No evidence is presented to indicate that the 
flood of March, 1936, was increased as a result of changes made in forests 
or other vegetative cover of the basin, or as a result of any of Man’s 
activities. 

Do engineers play fair with the public who look to them for facts and 
advice if they lead the publie to believe that Man is accountable for the 
excessive run-off of a major flood, such as that of March, 1936, in the Upper 
Ohio River or that the run-off following major storms, involving the 
unusual timing of the meteorologie events which ereate floods, can be 
controlled materially, except by engineering structures ? 


Lr. Cou. J. D. ARTHUR, Jr.© Cores or ENGINEERS, U. S. Army (by 
letter).°*—The present status of Federal flood-control projects has been 
fully outlined by Colonel Covell. It is to be noted that the system of 
reservoirs for flood control on the Ohio River, either authorized or under 
construction, is distributed over a wide area, on many tributaries. Little 
has been published as to the methods of operating this system to provide 
the maximum benefits. 

The operation of the fourteen reservoirs now (1937) under construction in 
the Muskingum Valley will be placed in the hands of the Muskingum Water- 
shed Conservancy District, a political sub-division of the State of Ohio. It is 


—— 


4 Dist. Engr., U. S. Engr. Office, Zanesville, Obio. 
450 Received by the Secretary April 30, 1937. 
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only human to assume that it will be operated to provide the maximum pro- : 
tection to the residents of the Muskingum Valley. However, will such opera-_ 
tion provide the maximum protection to the residents along the Ohio 
River below Marietta? Engineers know that the Miami Conservancy Dis- 
trict System provides full protection to the residents of that Valley, but 
they likewise know that, with its uncontrolled outlets, benefits to localities 
along the Ohio River will,not necessarily accrue. In fact, it is easy to 
imagine conditions under which it might prove to be decidedly harmful. 

When the system is extended to other tributaries, each with a local 
flood problem in its valley, does it not follow that, unless there is a single 
office with full authority to control operations on all tributaries, the system 
will not be operated for the greatest good of the greatest number? The 
construction of the system must be the primary objective, but studies 
should be initiated at once of the best methods of operation. 

The problem is a difficult one, and it is not simplified by the require- 
ments of local participation in costs. If the residents of the Muskingum 
Valley, or of Pittsburgh, for example, are taxed for a portion of the costs, 
might they not well ask why they should be interested in what happens at 
Cincinnati? Perhaps this phase of the subject did not receive proper 
attention when the policies enunciated in the Flood Control Act of 1936 
were adopted. , 


JoHN H. Meursinas,” Assoc. M. Am. Soc. C. E. (by letter).“*—Except 
China, there is probably no country in the world which has suffered so 
much from floods as the low lands along the North Sea, which are better 
known as Holland, or The Netherlands. 

The first levees in Holland were built by the Romans to protect their 
military highways. As the construction of levees has been continued ever 
since, a protective system has been developed, which probably has no equal 
in the world. It is small wonder that some Dutch engineers do not con- 
sider the levee system of the Mississippi as very effective; but in an 
interesting comparison between flood problems in, Holland and in the | 
United States,” C. E. W. van Panhuys, District Engineer for the Nether- 
lands Government, states that engineers in the United States have done 
everything technically and financially possible for such a young country. — 

In connection with this Symposium, the question may be raised as to 
whether American engineers could benefit by Holland’s long experience 
with floods. The answer is “yes,” always bearing in mind the fact 
that the Dutch engineers are mainly concerned with delta problems, so that 
dams and reservoirs are of minor importance to them. The purpose of the 
collapsible dams constructed on the Meuse River about 1917, was to 
improve navigation in summer. They are made to disappear during the 
flood season. 

' 46 Structural Designer, General Petroleum Co., Vernon, Calif,.j,. 0.0, 1) ee 


ernon, Calif. 
#a Received by the Secretary, May 6, 1937, 
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“A Furthermore, the area considered is rather small—about one-five-hundredths 
_ of the Mississippi River water-shed. However, it is not the size that counts, 
but the effectiveness of the protection system. Since about 1880 human 
z lives have scarcely ever been lost in Holland on account of floods. 
~ For each river, the Dutch engineer defines two channel sections: The so- 
called winter section and the summer section. Both are protected by levees. 
_ The small dikes along the summer section simply protect the valuable graz- 
ing grounds in the winter section against the summer flash floods. The 
winter section is from 1500 to 3000 ft wide, and the summer section from 
- 450 to 675 ft wide. Within these sections no encroachments are allowed 
- except brick kilns, which may excavate enough clay to equal the volume of 
a the buildings they occupy. 
% Occasionally, a severe flood will overtax the winter section and, spill- 
» ways are provided to meet this emergency. To understand the function of 
these spillways the geography of the Meuse-Rhine delta must be considered. 
Most of the lands have elevations which vary between the low-water and 
high-water stages of the rivers. If a dike collapses much land would be 
- threatened with submersion except for the fact that it has been divided 
into many different diking districts or “nolders,” each of which are pro- 
tected by minor levees. Such a “polder” is an administrative unit, 
administered by the property owners themselves. They are under the super- 
vision of the provincial authorities, however, who create and consolidate 
the districts if desirable. The district maintains all its levees, makes 
- minor repairs, and operates the pump-houses which take care of the drain- 


NS ly 


age of the seepage water. 

In case of a dangerous flood, each “polder” sends its guards to the dikes. 
Their services come under the control of the engineers of the Netherlands 
Government who take charge of the entire river as long as the emergency 
lasts. If a dike threatens to collapse, or actually breaks, the engineers 
have the same authority as is generally granted to military commanders in 
time of war. 

The advantage of many diking districts is obvious. When a spillway 

- discharges its water over the dike, it submerges one “polder” only. This 
district is occasionally sacrificed for the benefit of the others. 
a In spite of these spillways, breaches in dikes still occur. Hence, each 
district has been provided with a so-called “terp.” This is nothing but 
a properly located levee, which is high and large enough to take care 
of the population and live stock of the “polder” in’ case the district happens 
to be flooded. Frequently, the church and some public buildings are located 
on the “terp”; and it hurts no one’s feelings when the church is converted 
into a cow barn during times of emergency. 

The methods of making emergency repairs have changed very little in 
the past hundred years. The first sign of danger is an jnereased seep- 
age flow in the dike. This water is likely to wash away so much of the 
material that all the fingers of all the Dutch boys would be unable to stop 
it. Mats made of willow branches, staked down. on the inside talus of the 
dike, are more effective. They keep the material in its proper place, at 
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the same time allowing a free flow of seepage water. This method does 

not cause any increased water pressures inside the dike, which might pro- 

duce a breach. 

Although breaches seldom can be stopped until the floods have passed, 
occasionally the “hay-wagon” may solve the problem. One or several wagons 
tightly packed with hay are dumped, wagon and all, in the breach. Whereas 
a more solid material would be swept away immediately by the in-rushing 
waters, the hay permits water to flow through, and the wagons may form 
a foundation on which sand bags can be piled for temporary repair. 

Most of the breaches in Holland have occurred in the dikes along the 
Meuse, the most troublesome river in The Netherlands. In its low stage 
the run-off may be as low as 7000 cu ft per sec, and in its flood stage as 
high as 100000 cu ft per sec. 

In 1923, the construction of a series of collapsible dams was begun to 
improve navigation conditions in summer. While this construction was at 
its peak a run-off occurred which was 15% greater than the previous recorded 
maximum. It flooded all the works and broke levees everywhere. 

The cause of this unusual occurrence has been explained in a report 
by the late Dr. C. W. Lelij,“ submitted when he was District Engineer 
for The Netherlands Government. Dr. Lelij’s investigation showed that 
deforestation and newly cultivated lands had had no important influence 
on this run-off, because the average run-off of the floods had been decreasing 
in the previous fifty years. 

This remarkable flood was caused by the following conditions: From 
November 24 to December 20, 1925, much snow had fallen in the mountains 
of the Meuse water-shed. Immediately thereafter a heavy thaw had set 
in, and simultaneously a heavy rain soaked the entire ghed. Remarkably 
enough, the peak of the storm moved with the peak of the flood from 
the south to the north. 

In other words the determining factor in this flood was the weather; 
and as no one has yet learned how to control the weather, the Dutch 
engineers (who have accumulated an enormous mass of run-off data) are 
as much “in the dark” concerning the possible maximum run-off as their 
American colleagues. The authors of the Symposium suggest the gathering of 
more data, but the writer believes that the value of data should not be over- 
emphasized, because some of the floods of the future may be much worse 
than data will ever reveal. 

This is not the only important consideration stressed in Dr. Lelij’s 
report. It calls attention to the fact that the bottom of the winter 
section of the Meuse River was rising at a rate of 2 mm (0.08 in.) per 
yr. In the past 750 yr, this bottom has risen 5 ft: 

At some other places conditions were worse. At the end of the Nine- 
teenth Century many railroad bridges had been built. To compensate for 
the piers the area of the winter section had been increased by excavat- 


# “Rapport betreffende de Verbetering van de Maas voor groote Afvoeren”, door Dr. 


C. W. Lelij, Hoofd Ingenieur van den Rijkswaterstaat, s” G ? 
drukkerij, 1926. J » 8° Gravenhage, Algemeene Lands 
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ing the channel. In 1926, when Dr. Lelij’s report was published those places 
had been entirely filled in again. This condition, undoubtedly, had con- 
tributed its share to the higher floods. 
American engineers probably never will know the possible maximum 
run-off of the Ohio or Mississippi Rivers. In the centuries to come the 
‘lands adjacent to the river, which are flooded regularly, will become 
higher also; and the floods, subsequently, will grow more severe. Undoubt- 
‘edly, there will be flood disasters as long as people keep making homes 
along rivers. As a perfect protection system seems an impossibility, it may 
Bbe advisable to consider first a more adequate protection of human lives. 
It may be worth while to spend some money in creating an eflicient 
“emergency organization that could be mobilized on short notice. Places 
of refuge, where the flood victims could find temporary shelter, may fit 


in to this plan, and although from a technical and economic standpoint the 


results may not seem great, the most important part of the job would 


have been done at a relatively small cost. 


> 
As 
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H. K. Barrows,” M. Am. Soc. CO. E. (by letter).°"—A clear picture of 
“flood conditions in New England, a very full discussion of the interesting 
features of the flood of March, 1936, and much information about earlier 
great floods are contained in the comprehensive and excellent paper by 


eur. Uhl. 


TABLE 10.—New Enoranp Fioop Data 


: Maximum 
Drainage | Jischarge, A Tes 
Stream ee in cubic 
in f total flood 
eet per disehi 
square BaWare lischarge, 
miles vane in inches 
(1) | (2) (3) (4) 
(a) Fuoop or NovEMBER, 1927 
Ellis River, near Jackson, N. H........----2+eeseeerereees aM 28 528 17.0 
- Jail Branch, Hast Barre, Vt....-...+-+++sseerereeeteee Aco 38 303 9.7 
_ Baker River, near Wentworth, N. H........--++-+++++ a 52 288 9.2 
White River, near West Hartford, Vt......--.+++++++++> uA 695 202 6.5 
~ Winooski River, near Hssex Junction, Vi Sate 1 000 ay tal 3.6 
(b) FLoop or Marcu , 1936 

North Branch of the Hoosic River, near North Adams, Mass.....- 39 99 17.6 
Middle Branch of the Westfield River, near Goss Heights........-- 53 160 ae ee 
Hast Branch of the Pemigewasset River, near Lincoln, N. H......- 104 164 20.2 
_ Deerfield River, near Charlemont, IiaSS oe meieie cle stele e's ele ateter stare) <1 180 180 in 
Connecticut River, near Montague, Mass......----++-ssset7 tte J cen ae ia ae 


“nd 


Merrimac River, near Lowell, INRA eo ae otoeibs Coe BO1D.6 urn aRenc 


* Omitting the controlled area of 182 sq miles up stream from Harriman Reservoir. 


The flood of November, 1927, centering principally in Vermont, North- 
ern New Hampshire, and Massachusetts, was due to excessive rainfall, 
reaching a maximum of probably 12 in. in the Green Mountains and 
resulting in especially high run-off from the smaller streams. Some note- 


# Prof., Hydr. Eng., Mass. Inst. Tech.; and Cons. Hngr., Boston, Mass, 
40a Received by the Secretary May 19, 1937. 
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worthy data are given in Table 10(a). The flood hydrograph™ in these cases ¥ 
was approximately triangular in form, beginning at about 2% of the» 
peak flow, rising uniformly to 100% at the twelfth hour, and then decreas- - 
ing uniformly to 20% of the peak flow at the thirty-sixth hour. This; 
would correspond to total flood run-offs, as shown in Column (4) Table: 
10(a), ranging from about 17 in. for the smaller drainage area to 6.5 in., 
for White River (695 sq. miles). 

As will be noted from Fig. 3, the unit flow of White River is materially | 
in excess of the enveloping curve presented by Mr. Uhl, indicating the — 
unusual magnitude of this peak flow for such an area. This is probably 
due, in part at least, to the shape of the drainage area of this stream, 
which has three approximately parallel tributaries tending to concentrate 
flood flows in the lower river. 

The flood of March, 1936, was due in part to heavy precipitation and 
in part to melting snow, and it covered a much larger area than that 
of 1927, resulting in what may be called a “main river” flood of unusual 
magnitude, but with tributary streams at lesser peak flows than in 1927. 
Table 10(b) shows a few of the peak flows and total flood run-offs. ; 

The Lower Connecticut River flows exceeded those of 1927 by about 
33% at Montague City, Mass., and 42% at Thompsonville, Conn. On the 
Merrimac River, at Lowell, Mass., the peak flow of March, 1936, exceeded 
by 67% that of the previous highest (in April, 1852). 


Peak Flow at Sunderland, Mass., 
in Cu Ft per Sec per Sq Mi 
a 


0.1 15 022503 04 05 1.0 LS. i225 3 Ae 5 
Frequency of Occurence, per Hundred Years 


Fic. 20.—F1Loop Frequnncy Curve, Connucricur River, AT SUNDERLAND, MASS., 1801-1935. _ 
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The writer has made a study of flood frequency on the Lower Connecti- 
cut River, a graph of which is shown in Fig. 20. Records of yearly flood 
flows are available for the period, 1880 to 1936, at three Massachusetts sta-_ 
tions, Holyoke, Sunderland, or Montague City. <A record of flood stages | 
at Hartford, Conn., extends back to about 1801 and by a plot of flood — 
flow, in cubic feet per second per square mile, at one of the foregoing three . 
stations to flood stage at Hartford, it was possible to relate the latter to 
the flood flow at these stations (about 8 000 sq miles of drainage area). 
In this manner all peak flood flows of importance were determined approxi- — 
mately for the period 1801-1936, or 136 yr, upon which the plot of Fig. 
20 was based. Two interpretative extension curves are shown on Fig. 20. . 
Curve A gives weight to the five or six upper points whereas Curve B is 
a more conservative interpretation, giving little weight to the 1927 point 
and to the other relatively high points. 


5° Rept. of. th ; ‘ : 
Wernont 1028; e Cons. Engr. to the Advisory Committee of Engrs. on Flood Control, 
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: This shows the flood of 1936 (not plotted as a point) to have been 
; the actual greatest based upon observations for about 150 yr of record, 
- and by inference from the plot it would have a frequency of about once 
in 500 yr. The 1927 flood shows a frequency of about once in 90 jr. 


Laws 


1936 Flood. 


30 


20 


"| 1927 Flood 


Direct Flood Damage, Entire Basin, in Millions of Dollars 


15 20 25 30 


Peak Flow, in Cu Ft per Sec per Sq Mi 
Fic. 21. 


On Fig. 21 are plotted peak flood flows in the Lower Connecticut River, 
at Sunderland and Thompsonville, against direct flood damages; a curve. 
is also shown using Vernon, Conn., as an jndex station. In each case 
these curves have three points for their definition; (1) Damages in the 
flood of 1936; (2) damages in the flood of 1927; and (8) the stage or 
point of discharge at which flood damages are negligible. This last point 
has been fixed by personal experience and judgment. 

Combining the results of the upper extension curve in Fig. 20 and the 
Sunderland curve in Fig. 21, Table 11 was prepared. The various steps 
in the computations are obvious and require no further explanation. As 
will be noted, the lesser half of the flood stages contributes mostly to 
the average yearly flood damages because, although flood damages are not 
relatively high, their greater frequency of occurrence effects a relatively 
larger yearly increment of damage. <A flood of the order of that of 
March, 1936, with about 29 cu ft per sec per sq mile, has a high damage 
($35 000000), but its frequency is so rare that the yearly increment of 
damage from such a flood is relatively small. ; 

Roundly, the average yearly flood damages on the Connecticut River, 
as determined by this study, are $400 000. This is direct damage only 
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and allowance for indirect losses of all kinds would double this figure, 


or possibly raise it to $1000000 yearly. 
Flood protection on the Connecticut River including a system of 
reservoirs as well as dike or levee systems in certain of the lower cities, 


such as Hartford, Springfield, ete., will probably cost about $50 000 000. 


This would mean a yearly carrying charge of $2 500000 to $3 000000 for such 


TABLE 11.—Derermination oF YEARLY Direct Fioop Damacss, 
Connecticut River Basin 


Peak flood i 
discharge, in Flood ; Yearly ee 
cubic feet frequency Direct Increment Average increment yearly 

per second years, damage, of damage, frequency, | of damage, flood 
per square (from in dollars in dollars in years in dollars damage, 
mile (8 000 Fig. 20) in dollars 
sq. miles 
1 19 0 0 
. 700 000 23 30 000 
16 27 700 000 30 000 
1 500 000 31.5 48 000 
ily g 36 2 200 000 78 000 
2 500 000 41.5 60 000 
18 47 4 700 000 138 000 
4 300 000 55 78 000 
19 63 9 000 000 216 000 
4 000 000 72 56 000 
20 81 13 000 000 272 000 
6 600 000 105 63 000 
22 130 19 600 000 335 000 
5 400 000 165 33 000 
24 200 25 000 000 368 000 
4 200 000 250 17 000 
26 300 29 200 000 385 000 
3 800 000 365 10 000 
28 430 33 000 000 395 000 
4 000 000 510 8 000 
30 590 37 000 000 4 403 000 
3 000 000 695 4 000 
32 800 40 000 000 407 000 


works. It is obvious, therefore, as Mr. Uhl states, that a complete plan 
of flood relief on the Connecticut River is not economically justifiable 
based upon flood benefits alone. Other benefits from the use of reservoirs 
besides those of flood relief, principally from the use of water for power 
purposes, but also from the point of view of recreational and sanitation 


benefits, must bear a substantial portion of the cost of a reservoir system 
to justify its construction. : 


E. D. Henpricss," M. Am. Soc. C. E. (by letter)."*_New York State 
has a varied topography. Its surface drains into the Mississippi, through 
Chesapeake Bay, Delaware Bay, and New York Bay, into the Atlantic 
Ocean, Lake Erie, the Niagara River, Lake Ontario, and the St. Lawrence 
River. It contains the lowest divide into the great central basin between 
Canada and the Gulf of Mexico. The writer has been familiar with the 
Oswego and Mohawk drainage areas for many years, both from personal 
observation and from the records that have been kept since 1898, the year 


Senior Claims Engr., State Dept. of Public Works, Albany, N. Y. 
‘la Received by the Secretary May 22, 1937. 
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when the U. S. Deep Waterways survey was started across New York 
State from the Hudson River to Lake Ontariox This survey was followed 
by the New York State Barge Canal surveys and the record has been 
continued with a greater or less continuity until the present time. 

For the ten years (1927-1937) records in the Oswego River drainage 
area have been kept by Foster B. Crocker, M. Am. Soc. GC. E. The control 
of the principal tributaries of the Oswego River, namely, the Seneca, Clyde, 
and Oneida Rivers, is vested in the State Department of Public Works as 
these streams are canalized and are part of the New York State Barge 
Canal System. 

As a result of the intense rainfall of July, 1935, and of the much 
greater volume of run-off that occurred in March, 1936, this drainage 
area was subjected to the two major floods generally described by Messrs. 
Harrington and Johnson. 

Flood control that has been accomplished in New York State prior 
to the great floods of 1935 and 1936, except in isolated cases, has been 
incidental to other purposes. The isolated instances with which the writer 
is familiar are the Hornell and Canisteo flood abatement projects on the 
Canisteo River, which were completed before 1927 and which, in the case 
of the 1935 flood, proved inadequate. The Sacandaga Reservoir was as 
much a water-storage project for power interests as a flood-control project 
and a large part of its cost is being paid for by power corporations. In 
the writer’s opinion the deepening of the Hudson River down stream from 
Albany, making that city a seaport, had as much effect in reducing the 
flood level at Albany as the Sacandaga Reservoir. 

The 1936 flood was the greatest of which there is a record on the 
Mohawk River in respect to the rate of flow. However, it did a relatively 
small amount of damage compared to other floods, such as those of 
October, 1903, March, 1904, March, 1910, March, 1918, and March, 1914. 

The floods of 1904, 1910, and 1914 were accompanied by ice gorges. The 
flood of 1918 on the Mohawk had climatic conditions similar to that of 
1936—a period of warm weather early in March followed by high water, 
followed in turn by a rain in the latter part of the month on saturated 
or frozen soil. The physical conditions, however, were greatly changed in 
1936; that is, the canalization of the Mohawk River had been completed, 
and a number of additional storage reservoirs were in operation on the 
tributaries, the level of which reservoirs had been drawn down early in 
March. The result was that although a greater quantity of water was 
retained in reservoirs on the head-waters, a smaller quantity was retained 
on the flood-plains of the river, resulting in an increased discharge at the 
mouth with much lower elevations up stream; for example, the estimated 
discharges, in cubic feet per second, were: 1913, 110 000, and 1936, 130 000. 

Neither the reservoirs on the Mohawk nor the canalization were for 
the purpose of flood control. However, nearly all flood damage has been 
eliminated between Schenectady and Utica, a distance of 80 miles, where 
prior to the eanalization the ground floors of property loeated within the 


flood-plain were flooded every few years. 


q 
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Although the primary purpose of the control of the Seneca and Oneida 
Rivers was to render them navigable with a minimum depth of 12 ft, 
an indirect benefit has been to reduce flood elevations and to reclaim large 
tracts of land, particularly in the Montezuma marshes through which the 
Seneca River flows. The property owners along these streams, however, 
have had a different opinion; and as a result have filed claims against the 
State alleging that as a result of the canalization of the aforementioned 
streams and their control by the State, flood conditions have been aggra- 
vated with increased damage to them. ‘Test cases have been tried in 
the New York State Court of Claims for the years 1935 and 1936, and 
in the preparation of the State’s defense a great mass of data concerning 
previous floods has been collected, together with an intensive study of 
climatic conditions, rate of inflow, progress of the flood, yield of the tribu- 
tary streams, etc. 

The drainage area of the Oswego River is shown on Fig. 11. It con- 
sists of 5120 sq miles at Oswego. A daily discharge record is kept by the 
U. S. Geological Survey at that place. The State maintains a discharge 
station at Fulton, 11 miles up stream (area 5017 sq miles). At Three 
Rivers, 23 miles up stream from Oswego, the Oneida (area, 1493 sq miles) © 
and Seneca (area, 3445 sq miles) Rivers unite to form the Oswego. 

The State maintains a gaging station at the Caudenoy Dam, 12 miles up 
the canalized Oneida River, where the drainage area is 1377 sq miles. 
This dam maintains the water surface in Oneida Lake, 4 miles farther 
up stream, and is provided with a flood-gate which, with a guard-gate above 
Lock 23, permits the lowering of the water surface in the lake during the 
winter months and the control of the outflow from the lake. 

Seneca River has its first dam at Baldwinsville, 12 miles up stream 
from Three Rivers. This dam is supplied with a 30-ft flood-gate. Nine 


miles up stream from Baldwinsville, the State has a gaging station con- — 
sisting of two recording gages situated at each end of a 4300-ft rock-cut — 


channel, known as State Ditch. The discharge from the drainage area of 
3073 sq miles is computed by the slope-area method. Thirty miles up 
stream is the junction with the Cayuga-Seneca Canal. The main canal 
proceeds westerly up the Clyde River, and 6 Miles farther up stream the 


State maintains a gaging station at Clyde, which has a drainage area of | 


880 sq miles. Thirty miles farther up the Clyde, at Lock 30 at Macedon 
and the westerly limit of the water-shed, the water brought into the drain- 
age area from Lake Erie and Genesee River is measured through calibrated 
sluice-gates. This quantity averages about 135 cu ft per sec during the 
navigation season, April to November, inclusive. It varies between 100 
cu ft per sec and 170 cu ft per sec, depending on the number of lockages 
at Pittsford, 17 miles west of Macedon. 

Returning to the main channel of the Seneca River: The Cayuga- 
Seneca Canal proceeds up the Seneca River southerly a distance of 4 miles 
to the outlet of Cayuga Lake, the surface of which is controlled by six 
Tainter gates. The outflow through these gates has been calibrated and 


; 


a daily record is kept. The drainage area above this station is 1572 Sq miles. — 


q 
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The canal turns westerly from Cayuga Lake, following the course of the 
“Seneca River to Waterloo, a distance of 8 miles, where the control works 
_regulating the surface of Seneca Lake are maintained and where a daily 
yecord of the outflow from the lake is kept. The drainage area above Water- 
“loo is 749 sq. miles. 

: In addition to these gaging stations maintained by the State the U. 8S. 
Geological Survey, under the supervision of Mr. Harrington, as District 
Engineer, maintains three stations on the Oswego River water-shed, all of 
- which are near the head-waters, in addition to the one at Oswego at the outlet 
of the drainage area (see Table 12). 


TABLE 12.—Gacine Srations MAINTAINED BY THE Unirep STATES 
GroLtogicAL SURVEY 


ee 


STATION DrRaInaGH AREA 

Area, in 

At On ' Name square 
miles 

(1) (2) (3) (4) 
mane eter NE ea Ee ee oe 

Taberg, N. Y..-..-- -+--+- The East Branch of Fish Creek Oneida River 189 
Auburn, N. Y....-.62+555> The outlet of Owasco Lake Seneca River 208 
MAGA Ns Vj. cc ces ele oe ae Fall Creek Cayuga Lake 124 


Storm of July, 1935.—The writer is convinced, from personal observa- 
tions and Court testimony, that the storm of July 7 and 8, 1935, was more 
extensive than is shown by Fig. 12”, which is based on reports from 
rainfall stations of the U. S. Weather Bureau. In the writer’s opinion, 

the precipitation was concentrated at or near the higher elevations where 
there are no Wedther Bureau stations, and passed over the low divides or 
valleys with a heavy precipitation to concentrate with double the precipita- 
tion on the hills beyond; that is, extending from the New York-Vermont 
line east of Mt. McGregor, the area of high precipitation extended west- 
ward along the southern escarpment of the Adirondacks to Stewart’s Land- 
ing, 20 miles northwest of Gloversville. South of the Mohawk the storm 
concentrated on the peaks of the Cherry Valley Hills, on the Mohawk- 
Susquehanna divide, and Oak Hill, which is the divide between the Mo- 
hawk and the Schoharie Rivers. Thus, streams entering the Mohawk from 
the south and west of the Schoharie, show peak flows of more than 400 cu ft 
per sec per sq mile which resulted from a rainfall of not more than 6 hr 
duration. : 

However, the water-shed of the Oswego River is well supplied with rain- 
fall stations in addition to the U. S. Weather Bureau stations, most of 
which are maintained by the New York State Department of Public Works 
and by the Oswego River Watershed Corporation. In addition to pre- 
cipitation records, snow survey records are kept. 


5: Water Supply Paper 7738-H, U.S. Geologicdl Survey. 
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The run-off that resulted from the rainfall of July 7 and 8, 1935, does 
not appear to have been equalled for summer flows on the Seneca River 
in the period in which records have been kept—that is, for 37 yr. Fortu- 
nately, no unusual run-off occurred on the water-sheds of the Oneida 
and the Clyde Rivers. The precipitation on the Oneida water-shed was 
less than one-half that on the Upper Seneca and the precipitation on 
the Clyde water-shed was no more than that from an ordinary summer 
storm. In fact, at least one-third of the area draining into Cayuga and 
Seneca Lakes did not experience a really destructive rain. 

The remainder of the Cayuga and Seneca Lake areas had a rainfall 
that resulted in an inflow at the rate of 80000 cu ft per sec for 8 hr 
on Seneca Lake, from a drainage area of 749 sq miles. Cayuga Lake had 
a rate of inflow of 100000 cu ft per sec for 8 hr from a drainage area of 
823 sq miles. Due to the storage utilized in both lakes, the peak outflow 
from Seneca Lake was 4400 cu ft per sec and that from Cayuga Lake was 
16000 cu ft per sec. The elevation reached in Cayuga Lake was 386.0 and 
in Seneca Lake, 449.34. The peak discharge at Baldwinsville was 12000 
cu ft per sec. The greatest damage on the navigable waters resulted to 
truck gardeners cultivating thousands of acres of muck land in the former 
Montezuma marshes which had been rendered tillable by the canalization 
of the Seneca River between Cayuga Lake and Jack’s Reef. 

Greater damage occurred on the streams flowing into the lakes and 
has been described elsewhere by Mr. Johnson.® Over these streams the 
New York State Department of Public Works exercises no control. 

The discharge at Jack’s Reef or at Baldwinsville had been exceeded a 
number of times in the late fall or spring months, both before and since 
1918, the date of completion of the Barge Canal. There is no record of a 
greater summer run-off. The summer elevation in Cayuga Lake had been 
exceeded several times prior to canalization, but with an outflow of less 
than 4000 cu ft per sec. In August, 1922, the lake reached an elevation — 
of 386.1; and although that was a summer of heavy precipitation, the high 
water was as much the result of the method of operation as of the climatic 
conditions. Any elevation in excess of 385.0 results in damage to property 
surrounding the lake and particularly to property in Ithaca at the head 
of the lake. 

The term, “method of operation,” is used advisedly. In 1922, the | 
control of the navigable waters of the State were under a bureau separate 
from the State Engineer Department. Since 1927 both the Division of 
Canals and Division of Engineering have been included in the Department — 
of Public Works under Frederick Stuart Greene, M. Am. Soc. OC. E., as 
Superintendent. Not only has there been an increase of accurate records — 
kept by Mr. Crocker; but the long-continued sequence of the records has 
resulted in a sound engineering basis on which a proper method of opera- 
tion has been predicated. : 

Flood of March, 1936; Oswego River Water-Shed—The climatic con- 
ditions causing the flood of March, 1936, seem to have been similar in 4 
many respects to those that occurred in March, 1865, as shown by the 
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: report® of J. P. Goodsell, Division Engineer of the Middle Division, New 


York State Canals, including the Erie, Oswego, Cayuga, and Seneca Canals 
and the Oneida River improvement. Mr. Goodsell reported that the 
measured flow at Jack’s Reef was 19435 cu ft per sec on March 22, 1865, 
and that this was the greatest flow ever experienced in the Seneca River. 
The greatest flow preceding this was.in March, 1857, when the discharge 
at Jack’s Reef was 15269 cu ft per sec. 

There was another great flood on April 10 and 11, 1873, in which Cayuga 
Lake reached the same elevation as was reached in 1865, but no discharge 
measurements were reported. The peak discharge at Oswego for the 1865 
flood has been estimated as 42000 cu ft per sec. The peak discharge at 
Phoenix has been stated (Empire Street Railway Company vs the State of 
New York) as 30000 to 35000 cu ft per sec. The Town of Phoenix is below 
the junction of the Oneida and Seneca Rivers and has a drainage area of 
4940 sq miles, about 500 sq miles greater than at the gaging stations on 
the Seneca and Oneida Rivers. 

The peak discharge at Phoenix is usually about equal to that at 
Oswego. However, in the 1865 flood, 170 ft of a dam situated on the river 
4 miles up stream from Oswego, was washed out which could well account 
for the difference of 7000 cu ft per sec. The highest flood elevation 
recorded in Oneida Lake prior to the construction of the Barge Canal was 
376.0, with an estimated peak outflow of 12500 cu ft per sec. This peak 


probably occurred in the flood of 1865 and checks very well with the peak at 


Phoenix and the discharge from the Seneca River, at Jack’s Reef. The 
effect of the control, incidental though it was, is disclosed in Table 18. 


TABLE 13.—Comparison or ELEvATIONS AND Discuarces, Fuoops or 1865 
AND 1936 : 


Cayuga Lake | Seneca River | Oneida Lake Oneida River Oswego River 
Date elevation, discharge, elevation, discharge, discharge, 


in feet above |in cubic feet per in feet above |in cubic feet per|in cubic feet per 
sea level second sea level second second 
TSG DN soren net.) 389.3 19 435 376.0 12 500 35 000 
WOSG er eae 386.7 22 500 375.0 11 700 37 000 


The low navigable stage of Cayuga Lake is 381.5 and that of Oneida Lake 
is 369.9. During the winter of 1936 the level of Cayuga Lake was drawn 
down to 380.8 and that of Oneida Lake to 368.5, in preparation for the 
expected high water that did occur. Damage did result from high water 
in the Oswego River drainage area, and claims have been filed against 
the State, but it is anticipated that they will be dismissed. 

Messrs. Harrington and Johnson call attention to the importance of 
basic data depending on long-continued records. This discussion is pri- 
marily for the purpose of illustrating the value of numerous long-continued 
records and their intelligent use by a skillful engineer. The reduction of 
a flood elevation by 1 ft or 2.5 ft may appear negligible in sections where 


6 Annual Rept., State Engr. and Surv., January 23, 1866. 
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flood rises greatly exceed those in New York State; but this lowering 
reduced by hundreds of thousands of dollars the damage suffered. The 
streams discussed traverse regions of long settled and thickly populated 
communities and the last foot of rise usually causes the maximum 
damage. 
To spend great sums on construction without the help of basic data is 

to insure not only waste, but greater injury than the benefits realized. 

The reference by Messrs. Harrington and Johnson to the importance 
of considering the engineering economics of each problem is often lost 
sight of by some enthusiastic advocates of only one phase of the problem 
of flood control. Thus, there are the reforestry proponents claiming 
deforestation to be the primary cause of floods. This cannot be true of 
the discharge areas discussed herein. There is a greater forest cover now 
than there was in 1910 (from the writer’s personal observation). The 
1935 Graphic Compendium of the New York State Planning Board indi- 
cates that lumbering reached its peak in New York State in 1869, and 
that there has been a great reduction in improved farm areas since 1875. 

Man-made changes, apparently, have relatively little or no effect in 
these two instances compared to climatie disturbances over which Man has 
no control and no definite knowledge of the cause. 


Epwarp W. Busu,™* M. Am. Soc. OC. E. (by letter).“*—Combined flood 
control and hydro-electric developments are engineering subjects that will 
keenly interest the profession for some time to come. The papers of this 
Symposium are very valuable contributions on the subject. Many schemes 


are under consideration for building groups of reservoirs for the dual — 


purpose of flood control and electric development, but practically no 
information has been presented by their proponents as to the procedures 
that necessarily must be followed by those operating such dual systems 
so that the flood-control protection will receive proper safeguarding and, 
at the same time, those relying on the generated electricity will be satisfied 
with the services obtained. 

In the few cases where procedures have been briefly mentioned the 
proponents have stated, what to them seems obvious, that the reservoirs 
will be drawn down just before the freshet seasons arrive and after they 
are filled by the freshets the impounded waters will later be used to 
generate electricity. This is quite a simple solution if the rain storms 
and the weather could be foretold accurately, or could be regulated, but 
seemingly quite fantastic when the actual facts are recognized. Those 
wanting protection against flood damages need the reservoirs empty except 
when in use for holding back flood waters, and when go filled they should 
be drawn down as soon as the outflow would not cause damage’ so they 
are set ready for the next freshet when it comes. Those using the elec- 
tricity and those selling it to obtain funds for retiring the cost in whole 


54Engr., Aetna Casualty and Surety Co., Hartford, Conn. 
a Received by the Secretary May 25, 1937. 
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or in part of the reservoirs will desire plenty of water in the reservoirs at 
‘all times. It would seem that these conflicting interests cannot be 
reconciled. 

: The Connecticut River well illustrates the uncertainty of the time 
of high freshets. During the past 3800 yr, the highest freshet came in the 
‘ middle of March, 1936, the next highest freshet came in the first week 
of May, 1854, and the next highest came in the first week of November, 
1927, at a time when very low water has often occurred in past years. 


Fairly high freshets have occurred at one time or another in about every 
month of the year. 


Tt is highly improbable that any official or board of officials in charge 
‘of the operation of a system of reservoirs constructed for a dual pur- 


2 pose could at any critical time determine in advance whether or not to 


empty the system, or to keep it filled or partly filled if it happened to be in 


“that condition. At such a time the power users and sellers could readily 
estimate the dollar value to them of any stored water and would strongly 
urge their claims for such, but those relying on the reservoirs for the pro- 
tection against flood damages would probably not be organized and, 


therefore, not able to present forcefully their advantage from having empty 
reservoirs when what might be termed, “border line” situations arose; 


and any freshet, when it reached its crest, might only be one of moderate 


- size. 


4 


After several of such false alarms it is expecting too much of human 


= nature to believe that those in control would operate a system so that the 


ba ave \) 


flood prevention side would always receive the full protection needed. This 
seems to be a fundamental consideration that should not be lost sight of. 
“In most of the cases when a critical situation is forming there will not be 
time to convene a board of consulting experts to determine whether or 
“not the reservoir gates should be opened or closed, and even if convened 
the experts would probably not know the correct answers. 
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DISCUSSIONS 


THE PASSAGE OF TURBID WATER THROUGH 
LAKE MEAD 


Discussion 


By Messrs. O. A. FARIS, PAUL A. JONES, CARL S. SCOFIELD, 
AND IVAN E. Houk 


O. A. Faris,“ M. Am. Soc. CO. E. (by letter).“*—Turbid water showing in 
the discharge from large reservoirs, in the opinion of the writer, is the 
result of disturbance of silt which was virtually in place; that is, it was 
no longer in suspension, but had settled to the reservoir bottom soon after 
entering the slack-water and formed a “flocculent” or “honeycomb”. structure’ 
of a consistency, ranging from thick cream to heavy molasses. It flows 
readily on the slope of the reservoir bottom, by virtue of a greater specific 
gravity than water, and, finally, reaches the dam. : 

Water is discharged from Lake Kemp, a reservoir on Wichita River, 
near Wichita Falls, Tex., through a battery of concrete pipes with inverts 
at or below the elevation of the river bed. The control gates are about 
midway the length of the conduits, allowing the up-stream half of 
the pipes to be exposed to pressure at all times. There is evidence that the 
liquid mud flows from the place of deposition in the old river channel, © 
and down the channel within the reservoir until blocked by the closed 
outlet gates. On opening the gates, the first rush of water carries a 
heavy load of silt, but after discharging all mud within easy reach of the 
conduits, the discharge becomes clear. Water from this reservoir flows down 
the river channel several miles where it is diverted into the main canal 
of the irrigation system.* 

The general arrangement which provides for the outlet at or below the 
elevation of the bottom of the stream channel and the diversion of water 
to canals at some distance down stream from the storage dam is favor- 
able for the discharge of deposited silt of the aforementioned character. In 
most of the Texas reservoirs the highest elevations of the bottom, in a 


Norn.—The paper by Nathan G. Grover, M. Am. Soc. C. E., and Charles L. Howard; 
Esq., was published in April, 1937, Proceedings. This discussion is presented in Proceed- 
ings in order that the views expressed may be brought before all members for further 
discussion of the paper. y 

144 Engr.-Appraiser, Federal Land Bank, Houston, Tex. 4 

44a Received by the Secretary, April 29, 1937. : 

»“The Silt Load of Texas Streams”, by Orville A. Faris, M. Am. Soc. C. BE. 
Technical Bulletin $82, U. S. Dept. of Agriculture, 1933, pp. 37-39. : 
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-eross-section, are on the immediate banks of the old stream channel; 
therefore, none of the silt that is deposited on the wide flat areas between 


the elevated ridge near the channel and the toe of the slope from the 


upland, can flow into the old channel and ultimately reach the outlet struc- 


£: 


ture. It is believed to be advantageous to clear reservoir sites of brush, 


_ trees, and stumps, and to construct channels with a view to conveying 
the liquid mud, resulting from the deposition of suspended silt, into the 


old stream channel and thence through the outlet gates. 
As further evidence that deposited silt, in the form of liquid mud, 


~ flows down the slopes on reservoir bottoms, attention is called to conditions 


in Medina Reservoir, near San Antonio, Tex. In September, 1930, this 
‘yeservoir was empty. A careful inspection revealed that the hummocks 


on the large flat areas in the reservoir bottom were void of silt deposit 
although they had been submerged by water to depths ranging from 40 
to 100 ft. for long periods of time. On the other hand, all depressed areas 


on the flats contained silt with maximum depths in the lowest places and 


_ tapering to zero depth up the slopes. 


The dry material per cubic foot of deposit of “flocculent” and “honey- 
comb” structure, taken from the bottom of Lake Worth, near Fort Worth, 
Tex., and composed largely of colloidal sizes, contained 18.7 lb. of oven-dry 
material per cu ft of deposit. On the basis of 2.65 for the specific eravity 
of the dry material, water occupied 88.59% of the space and the absolute 
voids amounted to 88.66 per cent. A sample from the bottom of Lake 
Kemp, consisting of sizes erresponding to clay particles, contained 37.05 


Ib of oven-dry material per cu ft of deposit. On the basis of 2.658 for the 


specific gravity of the dry material, the space occupied’ by water was 
16.76% and the absolute voids amounted to 77.63 per cent. 


The water capacity, by volume of undisturbed soils, below the water- 


table, ranges from 31.3% for very fine sand to 49% for marly loam. Com- 


paring the water capacity of marly loam with that of the sample silt 
deposit which contained about 89% water, by volume, it is seen that the 


latter has a greater capacity by 40%, than the former. This greater 


capacity is due to the difference in structure of the mass of soft silt 


_ deposited, from suspension, under water and remaining submerged. 


The excess water held in the silt deposit by virtue of structure is lib- 
erated so slowly upon exposure of the deposit to the sun and atmosphere 
that it is practically all dissipated by evaporation and is not available 
as storage water. 

The unconsolidated character of material deposited from suspension, 
under water and remaining below the water-table, will continue indefinitely. 
This is evident from the soft character of low-lying material in peat 
marshes. This soft material was deposited ages ago and still retains the 
“honeycomb” structure on account of its position below the water-table. 

The release of the excess water can be accomplished only at the surface 
of the deposit, therefore, in large reservoirs, consolidation of such deposits 
ean not occur until the stored water is drawn down exposing the soft 
material to the action of the sun and atmosphere. 


wa 
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Pauut A. Jones,” M. Am. Soo. C. E. (by letter).“"—The studies regarding 
transportation of silt through large reservoirs will, no doubt, be of great 
interest to engineers, and it is hoped that the work begun by the authors 
may be continued. However, it is the writer’s opinion that studies made 
concerning the turbidity of water passing Boulder Dam in 1935, or even 
until the lake has been completely filled, should not be given’ much weight 
in connection with transportation of silt in the future. 

There were certain topographic conditions that, no doubt, greatly 
affected the turbidity of the flow at Boulder Dam, especially during 1935. The 
canyon above the dam, in general, is in the shape of an are, with 
the inside of the are on the side of diversion through Tunnel No. 1, on the 
Nevada side. It is reasonable to assume that currents of water act 
similarly to currents of air, and will move toward the inside of the curve 
instead of following the original channel. Cold or heavy air will follow 
the inside of a curve, or the shortest distance, as may be observed in a 
tunnel constructed on a curve. It would seem fair to expect the greatest 
number of contraction cracks in the concrete lining of a tunnel on the 
outside of the curve, but the reverse is true, as the cold air in a draft 
follows the inside of the curve. 

At Elevation 720 at Boulder Dam, which is about 30 ft above the top 
or back of Tunnel No. 1, the contractor constructed a railroad grade down 
the canyon on the Nevada side, principally from tunnel muck which was 
of a reddish brown color. Below this grade, on the same side of the 
canyon, at about Elevation 650, was a comparatively large sand-bar. Just 
above the entrance to the canyon, and also on the inside of the are, blow- 
sand drifts extended in general to approximately Elevation 800. About 
three miles above the entrance to the canyon, there are at present (1937), 
or there will be, two rock islands which were connected by a blow-sand 
ridge, and the original current flowed east of the island farthest east. 

If a check is made of the dates of turbidity of flow through the dam 
and lake-level elevations, it will be found that the first turbidity occurred 
soon after the sand-bar was well covered; the second turbidity occurred soon 
after the railroad grade was well covered, and was much redder in color 
than the usual Colorado River water; and that, a turbidity occurred soon after — 
the ridge between the two rock islands was well covered, and at about the : 
time that a change in current from the east side of the small island to 
the west side, would be expected. At the level of diversion through the 
towers, the canyon has little blow-sand or silt, and it is not likely that 
turbidity below the dam will again occur to the extent observed in 1935. 

This discussion is not written to contradict any of the statements made — 
in the paper, but as a possible explanation for the amount of turbidity in — 
1935 when the reservoir was being filled for the first time, and the cur- ; 
rent was being changed gradually to new and unstable ground, due — 
to the fact that the canyon immediately above the dam takes the form ; 


a 


16 Engr., U. S. Bureau of Reclamation, Yuma, Ariz. 
16¢ Received by the Secretary May 4, 1937. 


ey * Pe 
ely 


June, 1937 SCOFIELD ON TURBID WATER THROUGH LAKE MEAD 1211 


of an arc, with the inside of the are on the side of diversion, or the 
Nevada side. 

It is well understood that river water carries large quantities of col- 
lodial silt in suspension, and studies relative to this material, no doubt, 
would be of great benefit to the Engineering Profession. For example, 
there is a shoal in San Francisco Bay, just west of Mare Island, which is 
composed entirely of collodial silt deposited where the fresh water of the rivers 
come in contact with a certain percentage of saline water from the ocean. 
Since the effect of tides is noted as far up the Sacramento River as the 
City of Sacramento, and the collodial silt is not deposited until it reaches 
a point nearly 100 hundred miles distant, and is there precipitated by salt, 
it is reasonable to expect that a large quantity of fine silt will be trans- 
ported through Lake Mead. 


Cart S. Scortenp,” Esa. (by letter).“"—Hydraulic engineers are fortu- 
nate in having made available in precise form the information concerning 
a phenomenon that has been reported hitherto only in general terms. 
Observations that different-avaters may move together in the same stream 
channel with little blending, and that water may flow into, or through, a 
reservoir with little or no mixing, have been reported before but only 
circumstantially. The findings reported by Messrs. Grover and Howard, 
therefore, challenge attention and jnvite further inquiry. The reasons 
underlying the phenomenon described remain obscure. 

The assumption that two different solutions brought together in the 
same container would automatically blend into one homogeneous mixture 
runs counter to daily experience. One naturally uses a spoon to stir 
a cup of coffee after the cream and sugar are added. In the case of reser- 
voirs such mixing as occurs may be due in part to the effects of currents 
set in motion by inflowing water, by wind action on the surface, or in part 
to “inversions” caused by temperature changes that affect the specific gravity 
of the water. For example, if the surface water of a reservoir becomes 
colder than the deeper water, its specific gravity becomes higher and inver- 
sion occurs. 

When turbid stream water enters a reservoir in the summer, if its 
temperature is higher and its salinity is lower than that of reservoir water, 
the normal behavior is for the silt to settle to the bottom and for the 
clear water to spread over the reservoir surface. On the other hand, if 
the inflowing turbid water is much more saline than the reservoir water the 
higher specific gravity due to salinity tends to offset the lower specific 
gravity due to temperature so that the water tends to stay with the silt 
and to move into the reservoir along the bottom. 

Furthermore, the behavior of silt in relation to its transporting water 
appears to be influenced by the relative conditions of salinity. If the 
concentration of dissolved salts in the inflowing water is less than that of 


——S 


1 Agriculturist in Chg., Div. of Western Irrig. Agriculture, Bureau of Plant Industry, 
U. S. Dept. of Agriculture, Washington, D. C 
ila Received by the Secretary May 12, 1937. 
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the reservoir water, flocculation and deposition of the silt appear to be 
hastened. If, conversely, the concentration of dissolved salts in the inflow- 
ing turbid water is higher than that of the reservoir water, the tendency 
is to retard the flocculation and deposition of the silt. The combined effect 
of silt and of dissolved salts on the specific gravity of water, of course, is 
much greater than the effect of temperatures, at least within the ranges 
that ordinarily occur in streams and reservoirs. 

The foregoing are largely theoretical considerations. Engineers do not, 
as yet, have enough facts to explain convincingly why the incoming silt 
is sometimes deposited at the head of a reservoir and, at other times, is 
carried far along the bottom or even all the way through the reservoir. 
One phenomenon would probably be regarded as quite as “normal” as the 
other if one knew more of the facts and factors involved. Both are known 
to have occurred at Boulder Dam and at Elephant Butte Dam. 

It is to be hoped that this paper may stimulate interest in the subject 
and lead to further investigations. 


Ivan E. Houx,* M. Am. Soc. C. E. (by letter).“*—The authors have con- 
tributed some valuable information regarding the character and quantity 
of suspended material carried through Mead Lake. The paper is especially 
noteworthy since outflow conditions at the reservoir during the period 
covered by the silt observations will never again be experienced. During 
1935 lake water was released through one of the diversion tunnels at about 
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the normal low-water surface of the Colorado River. About May 1 
1936, the tunnel flow was shut off; not only by closing the regulation patel 
inside the tunnel, but also by permanently sealing the up-stream end of tha 
tunnel with a 50 by 50-ft Stoney gate. Since that time water has been released 


48 Senior Engr., Technical Investigations, U. S. B 
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through cylinder gates in the intake towers. These gates are located at 
: heights of approximately 250 and 400 ft above the tunnel gates. They will 
; be used in all future regulation of reservoir outflow for irrigation and 
- power purposes. 


Unfortunately, no measurements of river water temperature were made 
at the up-stream end of Mead Lake during 1935. However, temperatures 


_ of river water at the dam site have been observed since April, 1930. 
These measurements were being made, daily, during the period covered by 


the authors’ silt observations. After storage began on February 1, 1935, the 


- temperature measurements were made in the reservoir outflow. Fig. 3 
shows the results of the observations; also the daily air temperatures, mean 
monthly air temperatures, and mean monthly water temperatures. 


A comparison of the daily water temperatures during 1935 with those 


4 measured during previous years shows that the reservoir inflow temperatures 
must have been approximately the same as, or slightly lower than, the lake 


temperatures at the elevation of the tunnel gates, during the periods of 
silt movement through the reservoir. Consequently, the inflow densities 


must have been approximately the same as, or slightly greater than, the 


lake densities at the tunnel level; and the silty inflow undoubtedly followed 


_ the original river channel along the lake bottom to the open gates as 


assumed by the authors. Since the gates were closed silty inflow probably 
has moved along the lake bottom to the level of its density, then spread 
out, and gradually come to rest at that level. The fine silt particles, which 
might have been discharged with the outflow had the tunnel gates remained 
open, are now settling to the lake bed and are gradually becoming con- 


 golidated under the lake pressures. 


Measurements of water temperature at different depths in Mead Lake 
were begun in June, 1936, and are being continued at monthly intervals. 


The securing of samples of the lake water at different depths, for chemical 


and silt analyses, is now (1937) being considered. When such data become 
available, it should be possible to discuss the movement of turbid water 
through the reservoir much more adequately. The writer believes that, some 
time in the future, silty flood water, having the same density as the lake 


~ water at the elevation of the cylinder gates, may enter the reservoir, flow 


through the lake at the level of its density, and be noticeable in the reservoir 
discharge. 

The conditions under which turbid water may flow through a reservoir 
instead of along the bottom, or instead of being rapidly diffused at the 
up-stream end of the lake, may be discussed on the basis of the temperature 
distribution within the lake. Fig. 4 shows the water temperature at differ- 
ent elevations in Elephant Butte Reservoir on June 18, 1934. Assuming 
that the water had the same salinity and was free from silt at all elevations, 
the density curve can be calculated from the temperature curve. Such a 


~ eurve will show approximately constant densities from the bottom of the 


ee 


reservoir up to about Elevation 4270, then gradually decreasing densities 
as the temperature increases toward the surface. 


4 
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Silty flood flows, entering the reservoir with a density greater than the 
water at the lake bed, would be expected to flow along the original river 
channel beneath the body of the lake. Similar flows, entering the reservoir 
with a density the same as the lake 
water below Elevation 4270, would be 
expected to spread out laterally and ~ 
vertically through the entire reservoir 
section below that elevation. However, 
silty floods entering the reservoir with 
a density equal to the lake water at 
some elevation above 4270, as, for 
instance, at Elevation 43800, would be 
expected to spread out laterally at that 
level and to flow through the reservoir 
at approximately that elevation with- 
out diffusing through appreciable ver- 
tical distances, just as the water did 
in the laboratory experiments described 
by Mr. Freeman, and cited by the 
authors.2 In any case, the appear- 
ance of silt in the reservoir outflow is 

probably dependent upon the continu- 
ae Bia Hi 2 om Farenheit ~Ss ce Of a relatively large silty inflow at 

Fig. 4——Temprrarurn Disrersurion the upper end of the reservoir until 

IN ELEPHANT BuTTE RESERVOIR ON the silty flow has had time to reach 
JUNE 18, 1934. 
the outlet gates. 

Temperature measurements in existing reservoirs show that during some 
periods of the year, usually during the winter months, lake densities are 
approximately constant through the entire vertical section. At such times 
flood flows, entering the reservoir with a density the same as the reservoir 
water, would be expected to diffuse laterally and vertically through the 
entire cross-section of the reservoir. Consequently, under such conditions, 
only exceptionally large and long-continued inflows would cause movement 
of the turbid water to the outlet gates. 

The writer doubts whether it will ever be desirable to design irrigation 
reservoir outlets so as to secure a maximum outflow of turbid water. As men- 
tioned by Mr. Fiock, in the reference cited by the authors,® the silt discharged 
at such times would be deposited in the canals, or carried through the 
canal systems, and deposited on the farm lands, either of which would 
be objectionable. However, investigation of the problem is well worth 
while from the scientific standpoint, even though the studies may produce 
no results of great economic value. The authors have rendered a ser- 
vice to the Engineering Profession in bringing the matter up for discussion. 


pity “Hydraulic Laboratory Practice’, John R. Freeman, Editor, p. 322, A. S. M. B., 


° Transactions, Am. Geophysical Union, 1934, Pt. 2, p. 472. 
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STRUCTURAL APPLICATION 
OF STEEL AND LIGHT WEIGHT ALLOYS 
A SYMPOSIUM 


Discussion 


By Messrs. A. V. KARPOV, LEON S. MolIssEIFF, A. V. KARPOV, 
Re L. TEMPLIN, J. H. ‘A. BRaHtTz, M. J. R. Morris, ZAY 
JEFFRIES, C. F. NAGEL, JR., AND R. T. Woop, JAMES ASTON, 
AND E. C. HARTMANN. 


A. V. Karpov2” M. Am. Soc. C. E. (by letter).“"—The purpose of the 
Symposium is exceptionally well defined in the seven terse questions given 
in the “Foreword” by Mr. Jones. The papers and the discussions give at 
least partial answers to each of these questions, although they show also 
that, at the present stage of engineering development, and in all probability 
for many years to come, no final answer can be given on many of these 
problems. Engineering development forges ahead, and it seems that no 
better goal can be accepted by the Structural Division of the Society than 
to keep up to date the valuable data collected in this Symposium. The 
Committee on Fundamentals Controlling Structural Design, appointed by 
the Executive Committee of the Structural Division in October, 1936, 
should shape its work along the lines laid down by this Symposium. 

The most fundamental conclusion that can be drawn from the Symposium 
js the impossibility of limiting the field of advanced structural engineering 
to stationary structures of fundamental character. The broader viewpoint 
ig necessary, expanding into border fields .of structural design which are 
commonly assigned to mechanical engineering. T Sts 


Nore.—This Symposium was presented at the meeting of the Structural Division 
at Pittsburgh, Pa., October 14-15, 1936, and published in October, 1936, Proceedings. 
Discussion on this Symposium has appeared in Proceedings, as follows: December, 1936, 
by Messrs. 3. Mirabelli, R. W. Vose, Raymond H. Hobrock, William F. Clapp, J.C. 
‘Hunsaker, Horace C. Knerr, and F. T. Sisco; January, 1937, by Messrs. J. Charles 
Rathbun and D. M. MacAlpine, Fred L. Plummer, C. F. Goodrich, G. K. Herzog, John H. 
Meursinge, P. C. Lang, Jr., and W. L. Warner; February, 1937, by Messrs. Hlmer K. 
Timby, Werner Lehman, Otis E. Hovey, and R. G. Sturm; March, 1937, by Messrs. BD. 
Robert deLuccia, O. J. Horger, ‘A. W. Demmler, Theodore Beizner, J. P. Growdon, Karl 
Arnstein, A. Christianson, Robert E. Glover, Arthur C. Ruge, Alexander Klemin, Paul E. 
Gisiger, Russell C. Brinker, Arshag G. Solakian, and H. D. Hussey; and April, 1937, by 
Ralph Freeman, M. Am. Soc. C. H 

12% Chairman, Committee of the Structural Division, on Fundamentals Controlling 
Structural Design ; Designing Engr., Hydr. Dept., Aluminum Co. of America, - Pittsburgh, 
Pa 


12a Received by the Secretary June 4, 1937. 
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The determination of actual stresses in structural elements is leading» 
into fields which are different from conventional design practice. New 
methods of attack are developing both in the theoretical and experimental — 
handling of structural problems. Fatigue, impact, and creep test are 


supplementing the work of the ordinary metal testing laboratories; small and — 


large scale models are being used extensively; indirect methods of strain 
and stress measurements have been added to the direct strain measur- 
ing methods that were used in the past; and the vibrator test is being 
used in the laboratory as well as in the field. f 

This very extensive theoretical and experimental work, which at present is 
being conducted in a large number of laboratories in the United States, seems 
to suffer from lack of co-ordination and insufficient exchange of information 
concerning the work proposed or being done. The different testing pro- 
grams in the field of structural research that were mentioned in the Sym- 
posium, suggest the necessity for steps to be taken to remedy these condi- 
tions. The Society, which by its very nature is interested in promotion 
of engineering knowledge without paying undue attention to the commer- 
cial aspects, is the most logical organization which could undertake success- 
fully such a co-ordination and co-operation and could bring closer together 
the different educational and industrial organizations working in the field 
of structural research. Such a co-operation would result in a properly planned 
and co-ordinated research program, eliminating unnecessary overlapping and 
wasteful repetition of work. 

Part IT of the Symposium brought out forcefully the fact that structural 
engineering is no longer a single-metal field. As in all fields of engineering, 
materials must be chosen, depending upon the suitability for each particular 
design. The requirements are becoming so exact that it does not seem 
probable that in the near future a universal alloy will be introduced that 
can take the place that open-hearth mild steel took in the past. 

In line with the papers and discussions of the Symposium there seem 
to be at present three outstanding problems that should be solved: 

First—A more suitable definition of terms that have a clear meaning 
in their application to ordinary structural steel, but which lose this clear- 
ness if applied to high-grade steel alloys or to light-weight alloys. More 
appropriate definitions of ultimate strength, yield point strength, and 
related physical properties of materials should be developed. The particular 
and most pressing objective would be the proper definition of yield point 
strength and its relation to other fundamental properties. 

Second—The problem, made clear in the Symposium, concerns the 
necessity of introducing additional characteristics of structural materials. 
The time-honored coefficients such as ultimate strength, yield point, and 
elongation are still the basic coefficients that are necessary to form engineer- 
ing judgment as to the suitability of a material; but they are obviously 
insufficient: Fatigue, creep, impact, corrosion, and welding properties must 
also be considered. To give a practical definition of these properties and 
to outline the extent to which they should be used in structural designs is 
an important field that should be properly covered. 


tes? 
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Third.—Welding is rapidly growing in importance in structural designs. 
The problem of weldability of alloys is encountered more in the field of 
metallurgy; but the manner in which welds are made is becoming a prob- 


.. lem in structural engineering. The researches that were and are being 


made have disclosed the importance of fatigue considerations in welded 
joints. The remarkable increase in fatigue strength that may be obtained by 
changes in the design of welded joints, the comparison with riveted joints, and 
the determination of conditions under which different kinds of joints 
should be considered, are fields which undoubtedly will occupy the atten- 
tion of the structural designer. 

Part III must be considered in light of the theoretical, Part I, and the 
metallurgical, Part II. “The picture” that can be gained from Part 1000 
gradually emerging from a single material stage and developing into 
multiple material designs, can be taken as a guide to an understanding of 
the development trend in structural engineering. The self-sufficiency of the 
structural designer of the past is gone, probably forever. The best hand- 
books available cannot keep a structural designer abreast of the latest 
practice. A correct design may result only from the correlated work of the 
theoretical designer, structural laboratory engineer, and metallurgist. If 
the structural designer wishes to maintain a leading part in this work, 
which naturally is his, he must possess the insight and ability to under- 
stand the problems of all the professions involved, as was evidenced to 
such marked degree by the author of one of the papers in Part III. 

Part IV is the logical conclusion of the entire Symposium. Light- 
weight designs are encountered in the most recent and most modern field. 


“The importance of this field is not often realized. Many such designs 


cannot be rationalized due to lack of engineering knowledge. The stability 
problems, which were more oF less neglected in the past, are becoming 
of the same importance as the stress problems. Corrosion, expected life 
span of a structure, fatigue and creep properties, and stress concentrations, 
are all problems whose importance is considerably accentuated in these 
designs. It is interesting to note that these problems are of particular 
importance in two structural fields which are as far apart as can be 
imagined—in aircraft and in long span bridges. The modifications of 
standard design formulas that were proposed during this session of the 
Symposium may be accepted as a clear indication of the necessity to con- 
sider the difference in properties of new alloys, as compared with structural 
steel. Different treatment is necessary to obtain the entire advantage of 
the light-weight design. 

A useful field of endeavor would be to watch the trend of light-weight 
designs and to bring to the attention of the structural designer the most 
important and practical developments. 


Leon S. Moisserr,™ M. Am. Soo. C. E. (by letter).”**—The valuable 
papers presented in the Symposium and the many discussions it has brought 


forth testify to the timeliness of the undertaking. The Society, through its 


173 Cons. Engr., New York, N. Y. 
118a Received by the Secretary June 9, 1937. 
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Structural Division, has succeeded, at an opportune time in gathering and 


presenting to the Engineering Profession the knowledge, the information, 
and the experience of engineers active in the making of structural metals and 
in fabricating them, in the planning of structures, and in their design, 
erection, and utilization. The Society, moreover, has been fortunate in 
securing a group of papers which has proved interesting enough to provoke 
a many-sided and illuminating discussion by men of information and 
reflection. 

The authors of the Symposium wisely did not attempt to offer complicated 
mathematical analyses and subtle discussions of the various phases of struc- 
tures built of metal. Instead, they have presented to the profession the 
‘thoughts which have matured in their minds during many years of experi- 
ence, in making and forming of metal and in designing and building struc- 
tures. The Symposium has been successful in producing a representative 
cross-section of current American engineering thought. A comprehensive 
“study of the papers reveals the present trend of structural development. 

The Symposium has brought forth a symphony of many instruments. The 
‘low tones of the heavy metals and the high ones of the light metals unite 
in one sustained theme. They announce that to create structures for the 
wants and comforts of the many, such structures must be efficient. and eco- 
nomical. They must be built of materials which possess suitable qualities 
‘to fulfill the special requirements and functions, and they must be work- 
able, dependable, uniform, and enduring in order to justify the trust placed 
in them. It is the constant business of producers and fabricators to search 
and test the products of the mills and shops, and to establish the capaci- 
ties and limitations of these products to sustain and endure the attacking 
forces and agents in space and time. 

These capacities must be utilized further by the planners and designers 
to the best advantage so as to produce efficient and economical structures. 
It is the task of engineers, therefore, to strive to approach the fullest utiliza- 
tion of their materials in strength and endurance, in economy and comfort. 
Only then when the fullest knowledge of materials and structures will be 
gained will this aim have been attained. To acquire this knowledge it 
devolves upon engineers to study the true behavior of structures under, the 
action of forces by analysis and strain measurements on models, by tests 
in laboratories, and by observations in the field. 

The Symposium shows that engineers are realizing that the elementary 
approach in analyzing structures was well enough for the smaller dimensions 
where cheaper materials could be used and some of it could be wasted, but 
that for large structures the most suitable material is demanded and. almost 
all of it should be utilized. Engineers realize that a deeper insight into the 
behavior of structures is required and that much of it can be attained by 
- ‘modern methods of analysis and search, and they feel that the application 
of such knowledge is imperative in the design of important structures, It 
must not be forgotten that the admission of higher unit stresses. and larger 
~ strains demand more care in analysis and proportioning and that all advance 
in this direction is based on the mental probity of the engineers, 


t 
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-~ A. V. Karpov, M. Am. Soc. C. E. (by letter).“*—The purpose of the 
paper was to bring to the attention of the structural designer the fact 
that the theories on which structural designs are based by no means can 


be considered as perfect. These theories are based not only on approxima- 


- tions but in many instances on assumptions that are contrary to present 


knowledge. The result is that instead of developing theoretically correct 
methods, structural research is leaning toward a larger use of empirical 
and not correlated coefficients. The developments of fatigue data and 
stress concentration factors are probably good illustrations of this thought. 

Professor Mirabelli’s discussion gives an interesting method of a more 


‘satisfactory correlation of the experimentally determined stress-strain rela- 


tion and the actual behavior of structural elements. Such investigations 
should be conducted extensively. Mr. Horger raises a number of most 
important questions in his short discussion. The boundary conditions and 
their influence on stress distributions is a problem that requires considerable 


‘additional study. If the influence of boundary conditions is accepted then 
there should be a different stress distribution within the thickness of the 


material and at the boundary. Figs. 3(a) and 9 are indicative of the most 
probable change of stress distribution at the boundaries for specimens sub- 
jected to tension-compression and bending, respectively. The additional 
data with reference to fatigue strength, size effect, and stress concentrations 
are not yet available and, therefore, the last question asked by Mr. Horger 
can not be answered at present. 

The writer does not agree with Mr. Glover’s conclusions that the investi- 
gators of the past gave all the necessary information that can be further 


~ developed. ‘Theories based on incorrect assumptions cannot be satisfac- 
-torily developed beyond very narrow limits. His work on trial load arch 
dams and supporting rings for penstocks, mentioned in his discussion, 


would seem to be of very considerable interest. 


R. L. Tempuin,”” M. Am. Soc. OC. E. (by letter).%°*—Not only has Professor 
Timby amplified many points raised in the paper but he has also indicated 
some additional uses of models. In commenting on the merits that he 
has emphasized, which obtain .when using stainless steel models fabricated 
by “shot” or spot welding, the writer wishes to state that he has used 
numerous spot-welded aluminum alloy models of structural units with very 


3 satisfactory results. Although it is scarcely probable that any one individual 


‘would be familiar with all the recent developments in model testing and 


analysis, it is apparent that Professor Timby has assembled information on 
-a group of model studies which covers the apparent range of application 


quite thoroughly. The examples cited both in the paper and in the dis- 
cussion, represent considerable evidence to show the increasing extent of 
the use of models in various engineering fields. 
174 Designing Engr., Hydr. Dept., Aluminum Co. of America, Pittsburgh, Pa. 
ii4a Received by the Secretary June 4, 1937. : 
1% Chf, Engr. of Tests, Aluminum Co. of America, New Kensington, Pa. 
75a Received by the Secretary April 3, 1937. 
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Many improvements have been made on strain-gages since the time the 
Howard gage (mentioned by Mr. Belzner) was introduced. - Nevertheless, — 
as was stated in the paper, there is still considerable of the personal equa-— 
tion involved in the manipulation of the modern strain-gage and this pre-_ 
sents a factor which must be considered in obtaining and interpreting strain-— 
gage results. ; 

The model girder referred to by Dr. Arnstein would seem to offer some 
interesting advantages in certain model studies. 

A problem very similar to that mentioned by Professor Ruge was encoun- 
tered in the model of the Santeetlah Pipe Line.* The load was applied by 
gravity and although the model could be scaled down photographically, the 
result was that the stresses were also reduced photographically. Conse- 
quently, it was not sufficient simply to rely upon the model test directly, but 
to use it to substantiate the theoretical development for this type of load- 
ing. The example suggested by Professor Ruge appears to be likewise of this 
type and, therefore, an excellent one to illustrate the point raised. The 
gusset-plate problem that he has mentioned will not give exact similitude 
because the modulus of elasticity for the model would not be reduced from 
that of the prototype in the same proportion as the scale ratio. 

Professor Klemin’s reference to full-sized structural tests of aircraft 
is an excellent example of a case in which the load conditions on the 
actual structure are so indefinite as to make model testing relatively un- 
reliable, except in the study of component parts of the structures. 


J. H. A. Brautz,” Esa. (by letter).”“—In closing this paper, the writer 
wishes to express his appreciation for the many interesting discussions that 
have appeared. These discussions have brought out many points of interest 
and valuable details which were not included, or were insufficiently elab- 
orated, in the paper. In reviewing the discussions briefly, these will be 
taken up in the order in which they appeared. 

In his excellent discussion, Mr. Vose emphasizes the difficulties in 
producing a truly two-dimensional state of stress. It is a fact that it 
never really occurs. In order to have a plane state of stress the plane 
plate (xy) should be infinitely thin, and in the case of plane strain 
the plate should be infinitely thick in order to comply completely with the 
definitions of those states, in which the stresses oz, cy, and tzy, are inde- 
pendent of the elastic constant of the material. In photo-elastic experi- 
mentation, of course, a small finite model thickness is necessary. Oon- 
sequently, the average stresses over the thickness of the model are measured. 
It is true that these stresses will be effected to some extent by the lateral 
stresses near discontinuities on the boundaries. On the other hand, 
the same effect occurs in the prototype so that the deviations between 
experimental and actual stresses in this respect are practically only caused 
by the ratios of the elastic properties in the two materials. This is 
one of the many reasons why the maximum errors of experimentation 


“ Transactions, Am. Soc. C. B., Vol. 98 (1933), p. 154. 


16 Director, Photo-Elastic Laboratory, U. S. Bureau of Reclamation, Denver, Col 
76a Received by the Secretary May 24, 1937. . : a 
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é in such regions cannot be expected to be less than 10% and often may 


be even greater. 

Mr. Vose calls attention to the convenient portable reflecting polariscope 
designed at the Massachusetts Institute of Technology, which should be 
of great help in the type of observations mentioned in his discussion. 

In a very lucid discussion Professor Rathbun deseribes a number 
of experiments with riveted connections. The very ingenious technique of 
multi-materials of varying optical sensitivity no doubt will prove extremely 
useful in the future. The aforementioned three-dimensional difficulties 
now become acute. It was this problem that the writer had in mind when 
stating in the paper that the elastic properties of the model materials 
should be such as to imitate as closely as possible the conditions in the 
prototype. Due to plastic flow, the writer has had difficulties in calibrating 
the highly sensitive materials, accurately. Professor Rathbun’s discussion 
brings out clearly the truth of the statement that “photo-elasticity has 
proved its value, is here to stay, and new apparatus, model materials, and 
technique are being developed continuously.” 

In his very valuable discussion Mr. Timby explains clearly the three 
contributing reasons for an adequate safety factor. The writer is in full 
agreement with these viewpoints. The live loads, including wind and 
temperature effects, are seldom accurately known and can only be assumed 
for many types of structures, as for example, bridges, buildings, ships, 
etc. In such structures as dams these effects are defined more clearly, but 
many other uncertainties enter, among which may be mentioned earth- 
quake effects and uncertainties in the quasi-elastic properties of the mate- 
rials in the dam proper relative to those of the foundation. The photo- 
elastic laboratory of the U. S. Bureau of Reclamation has proved extremely 
useful in connection with designs of hyperstatic structures (for example, 
large drum-gates) in obtaining the most economical sections, 

The interesting discussion by Mr. Solakian deals to a large extent 
with the history of the fundamental physical phenomena, which enables 
present-day. photo-elastic experimentation. He argues that the polari- 
scope designed and constructed by the writer at the California Institute 
of Technology and having the large field lenses replaced by aluminum- 
coated parabolic or spherical mirrors, will be less popular since the intro- 
duction of new “polarizing media.” ‘These polarizing glass plates will 
successfully replace the far more expensive Nicol prisms. The writer fails 
to see the point since it is the high cost of high-grade lenses versus the 
comparatively low cost of high-grade reflectors that matters. 

In conclusion, the writer can state that the new interferometer of the 
Favre type which was recently designed and constructed by the engineers 
of the U. S. Bureau of Reclamation, has proved highly gatisfactory in its 
application. The polariscope is now being used only in: (1) Such 
experiments, in which merely the boundary stresses are needed; (2) for 
preliminary design studies in order to obtain an optimum” section, which 
is then analyzed in detail by the interferometer; and (3) for checking 
the principal stress differences obtained in the interferometer. 
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The interferometer differs from the instrument described by Favre in 
several respects. For example, it gives both principal stresses and their 
direction in one operation, whereas Favre obtains the direction and magni-— 
tude of the principal stresses in separate instruments. 


M. J. R. Morris,” Esq. (by letter).””"—Referring to Mr. Herzog’s dis- 
cussion, the writer agrees that he has not gone into detail as far as- 
possible, as it was the primary intention to cover as large a field in 
general as possible; his comments, therefore, are very well taken. There 


is no doubt that the addition of alloying elements, such as molybdenum 


and columbium, will open up new fields to the stainless alloys, and will 
help greatly in the actual fabrication of some of these alloys by making 
them more easily handled and possibly more nearly “fool-proof.” As time 
goes on and improvements follow experimental work, these alloys will come 
into more and more prominence and broader use with the civil engineer 
just as they have already ‘been a boon to chemical and industrial engineers in 
general. 

Mr. Gisiger cites the application’ of stainless bars in connection with 
trash screws protecting the turbine intakes against floating logs, trash, 
ete., of the Holtwood Plant, of the Pennsylvania Water and Power Com- 
pany, at Holtwood, Pa. This is an excellent example of the reduction 
in weight made possible through the use of corrosion-resistant stainless 
steel over structural carbon steel; also, the increased efficiency provided 
by decreasing the area covered by the bars, themselves, which obstruct 
the passage of the water. 

In connection with welding these stainless alloy bars to structural 


carbon steel, the writer has found that, in general, a heavy, flux-coated — 


alloy electrode will give the most satisfactory weld. 


If mild steel electrodes are used, the weld metal (which will have — 


a smaller cross-section than the structural steel) will be subject to any 
localized corrosion that may be set up as a result of the stainless alloy 
being in contact with mild steel. If the weld, itself, is stainless, then the 
corrosion will be transferred to the heavy, structural shape, which will 
be much more capable of distributing and minimizing its effect so as 
to be of very little consequence. 

In laying a stainless weld on mild steel, it is best to deposit at least 
two beads on top of each other to eliminate the effect of pollution from 
the steel. The lower bead fused to the steel will be less corrosion resistant 
than the record on subsequent beads. Such applications well illustrate 
previous statements as to the broad use of stainless alloys in the hydraulic 
field. 

The writer would like to take this opportunity to thank the several com- 
mentators for their very interesting discussions. 


Zay Jurrnies,” Esq, C. F. Nacet, Jr.2” Esq, ann R. T. Woop,” Esq. 


‘(by letter).“°"-In commenting on the writers’ paper, Mr. Hobrock has 


Dian Chf. Metallurgical Engr., Central Alloy Dist., Republic Steel Corporation, Massillon, 
11a Received by the Secretary May 24, 1987. 
178 With Incandescent Lamp Dept., General Electric Co., Nela Park, Cleveland, Ohio. 
*™ Chf. Metallurgist, Fabricating Div., Aluminum Co. of America, Pittsburgh, Pa. 


18 Chf, Metallurgist, American Magnesium Corporation, Cleveland, Ohio. 
1a Received by the Secretary, April 23, 1937. 
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given emphasis to the desirability of consulting the manufacturers of 
materials before making final selection of a particular alloy. Quite 
correctly, he points out that this is not a feature peculiar to aluminum, 
or to any one metal, but applies to all. However, it probably applies less 
to those older metals for which many years of use in a particular service 
have built up a present satisfactory practice by the process of “cut and 
try,” the soundness of which has been reasonably well proved or at least 
accepted. In passing, it might not be out of order to suggest that fol- 
lowing “tradition” carries with it certain dangers—namely, what was 
quite adequate yesterday may be inadequate tomorrow—if not to-day. 
Engineers should not necessarily select alloys or materials to-day because 
they were satisfactory a few years ago. 

Materials suppliers are constantly making progress, both in the greater 
uniformity of the properties of materials, and in the development of 
improved products possessing superior qualities, range of sizes and forms, 
and closer tolerances. Furthermore, the manufacturer is constantly enlarg- 
ing his knowledge regarding the properties of those materials. 

It is the latter point that Mr. Hobrock has emphasized. Some danger, 
from a commercial angle, may lurk in the possibility that a purchasing 
agent, becoming aware of the existence of characteristics other than those 
commonly mentioned in purchase specifications, may unnecessarily include 
specifications covering non-pertinent properties. Nevertheless, as Mr. Hobrock 
properly states, the satisfactory performance of a structure may not 
depend upon the more commonly published properties, but possibly upon 
other characteristics such as, for example, the strength at certain elevated 
temperatures. Although these other fields of properties have not been 
fully charted, a substantial beginning has been made, and the knowledge 
available should be put to use. This should not result in every writer of 
materials specifications attempting to state and define ‘the limits of every 
conceivable characteristic (that would be utterly unwarranted and abusive 
of human intelligence), but it does mean that the engineer should ferret 
out to just what actions his particular structure will be subjected, and 
then ascertain from the manufacturer what information is available as to 
the properties of his product with respect to those conditions. One should 
not expect that the desired “road map” will be forthcoming in all details, 
but in many cases numerous useful “land marks” can be shown. 

Mr. Hobrock’s contribution to this subject of “consulting the supplier” 
deals mainly with the uncommonly published properties of alloys. This 
is important. The writers’ main reason for presenting this thought was 
somewhat different, although not at all contradictory. Progress is con- 
tinually being made in the perfection of range of dimensions, both as 
to maximum sizes and tolerances and, more important, in knowing just 
what can and cannot be accomplished from an economical viewpoint. 
This feature is of special importance in the field of castings, although it 
is not confined to that field. 

Slight changes in the detail design of a casting, for example, or a. more 
complete understanding on the part of the foundryman as to how the prod- 
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uct is to be used, may permit of a more favorable method of gating, which, — 


in turn, may lower the cost of the product, or may permit the production 
of a casting in which the metal at critical locations will possess more 
favorable characteristics. 

An alloy is defined by its composition alone. The properties of Alloy A, 
- for example, may well be different when in the form of a thin sheet, as 
compared with a rolled shape. The processes by which the original ingot is 
converted into various wrought shapes may differ widely and, hence, 
the final characteristics may differ. Furthermore, the characteristics of the 
ingot (caused by the method of manufacture and the dimensions) may 
vary depending upon the particular wrought product for which it is 
intended. The structures of those different ingots are not all alike, and 
the effect of this original ingot difference may affect the final character- 
istics and, hence, one should not casually refer to “properties of the alloy” 
when considering the design of a structure but, rather, should think in 
terms of the properties of the particular type of material concerned. Many 
published tables fail to reveal whether the properties stated apply to sheet 
alone, to forgings alone, or to rolled shapes, etc. When using any table 
for design purposes, therefore, one should know to what particular type 
of product those properties apply. 


James Aston,” Esq. (by letter).“““—The logic of Mr. Olapp’s suggestions 
will be admitted by all who are actively interested in the corrosion prob- 
lem. Engineers are concerned primarily with the serviceability of materi- 
als, and a systematic study which would evaluate their utility in particular 
types of service, or would enable one to apportion properly the effects of 
service factors, would be invaluable in enabling a more correct appraisal 
and use of metals to be made. Service data have been gathered in con- 
siderable amounts, largely by individual efforts of competing manufac- 
turers, with release prompted largely by the biased discretion of the 
compiling interest. 

Actually, the task is of great complexity and magnitude. One must 
have the several metals in indisputably parallel conditions of service; they 
must remain undisturbed throughout their service life; and, particularly, 
interest and records must be kept alive through the long life span of many 
metals in many services. In corrosion testing, the temptation is to 
accelerate the test, or to attempt to control conditions in a laboratory 
set-up. With such procedure, unbalancing of the several factors involved 
will probably seriously distort the results as compared with what might 
appear to be similar conditions in actual service. Furthermore, results 
from a controlled or specific type of service are applicable only to that 
condition, and cannot be interpreted more broadly. Finally, failure of 
material is the only true end point of a test, with the criterion of failure 
dependent upon the commodity involved and the service requirements. 


SeMiarctatacsisr Bilishdisl> Dl. LL ——————— 
181 Metallurgist, Pittsburgh, Pa. 


18a Received by the Secretary May 24, 1937. 
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By way of illustration, one may cite the sheet metal tests conducted by 


the Corrosion Committee of the American Society for Testing Materials. 
In this field, one finds a co-operating personnel of outstanding qualifica- 


tions. The tests were carefully planned, were carried out on a compre- 


“hensive scale, and were painstakingly observed and recorded. The con- 
tribution to knowledge has been of great value; yet 1937 sees the passing 


of the twentieth anniversary of the tests, with a clearing up, at best, of 
only a few points related to atmospheric exposure of bare sheet steel. There 


is still almost as much controversy as in the beginning due to disputed 


points in the conduct of the tests; or a doubt regarding the practical value 


of tests of bare sheets when actual utilization requires paint or metallic pro- 


» 


tection; and particularly because in a twenty-year period many real or fan- 
cied advances have been made in the production of steel, with all the 


uncertainties and arguments formerly prevailing with respect to their rela- 


- tive merits. 


E. C. Hartmann,” Assoc. M. Am. Soc. C. E. (by letter).”*—Many of 
those who have discussed the writer’s paper have commented on various 
phases of shop practice. In his excellent description of the design and 
construction of the emergency bulkheads for the Gallipolis Dam, Mr. 
deLuccia emphasizes the need for great care in workmanship. He raises 
a doubt as to whether the average shop practice for structural steel is 
suited for aluminum alloys. Mr. Christianson also emphasizes the need 


for careful shop work, but states that aluminum alloys present no new 
problems to the shop experienced in producing a high quality of work- 


manship in other metals. Mr. Lehman states that with proper instruc- 


tions one can rely on the shop to handle the material properly so that no 


parts are damaged. All these viewpoints may be summarized in the term, 
“good shop practice”. In the writer’s experience with fabrication methods 


= in various types of construction, he has yet to find the shop which, when 
- properly instructed, cannot produce a first-class aluminum alloy structure. 


The question of riveting aluminum has received some attention by the 


- discussers. Mr. Lehman describes the use of hot-driven steel rivets in 
aluminum structures and Mr. deLuccia describes cold-driven steel rivets, 


which is a newer development. To complete this picture a number of 
examples of the use of aluminum alloy rivets could be mentioned as, 
for instance the truss-type, traveling cranes of 76-ft spans built in 1930 
and fabricated throughout with hot-driven 0.75-in. aluminum alloy rivets. 
Professor Hunsaker has questioned the advisability of using steel rivets 
in aluminum structures because of the possibility of corrosion at the 
junction of the two metals in cases where the paint. protection is not 
adequate. The possibility of such corrosion cannot be denied, and because 
of this possibility steel-riveted aluminum-alloy structures must receive 
adequate paint protection. On the other hand, tests have shown that 
unpainted full-sized structural joints, involving hot-driven steel rivets, sub- 


1% Research Engr., Aluminum Research Laboratories, Aluminum Co. of America, New 


Kensington, Pa. 
18a Received by the Secretary May 5, 1937. 
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jected to sea-coast conditions for two years retain their original strength, 
It should be remembered in this connection that visible surface corro- 
sion can occur without appreciable reduction of strength, particularly in 
structural shapes and plates which have the advantage of greater bulk 
compared to the thinner materials used in aircraft. 

Both Mr. deLuccia and Mr. Growdon have commented on the necessity 
for thinking in terms of aluminum when designing structures of aluminum, 
especially with reference to the question of deflection. The writer was 
particularly pleased with this phase of Mr. deLuccia’s description of 
the bulkheads of the Gallipolis Dam. It is quite evident that in these 
structures arbitrary limitations based on conventional practice were not 
permitted to interfere with the logical development of the design of a 
light-weight structure to serve a specific purpose. Aluminum structures, 
of course, can be designed without this approach to the problem, but 
maximum economy and minimum weight are rarely attained without it. 

Mr. Sturm’s discussion presents a refreshing and thought-provoking 
concept of the relation of bulk of metal to stability. Stability problems 
are almost certain to be encountered more frequently in light-weight con- 
struction than in conventional construction, whether the weight savings 
are accomplished by the use of light-weight, low-modulus materials, or by 
the use of thin sections of the heavier materials. The question of bulk 
of metal is important in both instances. In the structures made up of 
thin sections of the heavier metals the reduction in bulk compared to 
conventional construction is largely responsible for the stability problems 
encountered; and in light-weight materials the relatively greater bulk is 
advantageous in overcoming the effect of lower modulus. 

Professor Plummer has suggested a more complete treatment of the 
economic factors which influence the selection of materials for light-weight 
construction. In this connection this writer was pleased to note the com- 
ments of Mr. Lehman, Mr. Growdon, and Mr. Christianson, indicating that” 
in three fields as widely separated as construction equipment, bridges, and 
railway cars, problems in economics arising in connection with specific 
applications of aluminum alloys have been solved satisfactorily. Mr. 
Lehman’s interesting statement that, “the selling of such a benefit is often 
more difficult than the proof of economy,” no doubt will be echoed with 
feeling by all who have been associated with the commercial cevelorment| 
of the newer materials. 2 

Two of the discussers have described aluminum alloys not spacifioallaan : 
mentioned in the paper. As pointed out in the paper, there are several — 
such alloys available, and the selection of the best one for a specific purpose — 
involves a consideration of many factors. The day has passed when each 
engineer could expect to be familiar enough with all available ‘materials — 
to make his selections entirely on the basis of his own experience. Any 
logical modern approach to the problem of selection of material ae 


: 


certainly include consultation with the producers of the materials. 


